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GRAPHICS  DISCLAIMER 


All  figures,  graphics,  tables,  equations,  etc.  merged  into  this 
translation  were  extracted  from  the  best  quality  copy  available. 


REENTRY  FLIGHT  USING  NEGATIVE  LIFT  OF  SPACE  VEHICLE 

Nan  Ying,  Wang  Zhigang,  and  Chen  Shilu 

Aerospace  Engineering  College 
Northwestern  Polytechnical  University 

ABSTRACT:  The  corridor  and  trajectories  of  space  vehicles 
during  reentry  flight  using  negative  lift  are  studied. 
Numerical  results  are  obtained  for  the  corridors  and 
trajectories  using  negative  and  positive  lift,  respectively. 
The  following  conclusions  are  obtained:  in  the  case  of  a 
larger  lift-drag  ratio,  the  first  one-third  reentry  corridor 
using  negative  lift  is  wider  than  that  using  positive  lift; 
the  total  mass  cost  (TMC)  by  negative  lift  is  smaller  than 
that  for  positive  lift,  where  TMC  is  the  total  mass  of  fuel 
consumed  for  the  vehicle  to  deorbit  from  the  mission  orbit 
and  the  mass  of  the  thermal  protection  system  of  the 
vehicle,  in  the  case  of  a  smaller  lift-drag  ratio.  The  two 
kinds  of  reentry  trajectories  produced  by  positive  lift  and 
negative  lift  are  approximately  the  same.  Therefore,  the 
concept  of  return  flight  using  negative  lift  is  superior  to 
that  using  positive  lift. 

KEY  WORDS:  space  vehicle,  reentry  trajectory,  optimal 
control . 
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1 .  Introduction 


The  basic  principle  in  designing  the  optimal  return 
trajectories  of  launch  vehicles  is  to  obtain  a  minimum  return 
cost.  Basically,  the  return  cost  is  the  sum  of  the  mass  of 
propellant  consumed  for  the  vehicle  to  deorbit  from  the  mission 
orbit  and  the  mass  of  the  thermal  protection  system  (TPS)  of  the 
vehicle . 

During  a  return  reentry  flight  of  a  space  lift  vehicle  (such 
as  a  spacecraft  orbiter),  a  large  positive  attack  angle  (in  order 
to  generate  positive  lift  coefficients  and  drag  coefficients)  is 
generally  adopted  to  realize  a  normal  return  flight[l].  Since 
London  proposed  using  a  negative  lift  to  realize  an 
aerodynamically  assisted  orbital  transfer  of  space  vehicles  in 
1962[2],  tremendous  achievements  were  attained  in  the  study  of 
aerodynamic  orbital  transfer  using  negative  lift. 

The  tejrm  "negative  lift"  as  utilized  in  aerodynamic  orbital 
transfers  in  some  foreign  countries  refers  to  an  aerodynamically 
lift  force  directed  at  geocenter,  while  positive  lift  signifies 
that  this  force  is  directed  away  from  geocenter.  Negative  lift 
is  obtained  by  using  a  positive  attack  angle  and  a  roll  angle 
larger  than  90°.  Such  a  concept  of  "negative  lift"  differs  from 
its  traditional  definition  (the  lift  force  is  obtained  by  using  a 
negative  attack  angle).  Reentry  using  negative  lift  signifies 
that  negative  lift  is  used  during  the  period  of  time  when  a  space 
vehicle  has  just  entered  the  atmosphere,  and  then  positive  lift 
is  employed  instead  for  the  remainder  of  the  reentry  flight  after 
the  vehicle  is  captured  by  the  atmosphere;  reentry  using  positive 
lift  means  that  positive  lift  is  used  during  the  whole  flight  of 
the  space  vehicle  from  reentry  point  to  landing  point.  It  is 
unfortunate,  however,  that  almost  all  available  domestic  and 
foreign  references  unanimously  describe  return  reentry  flight 
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using  positive  lift[l,  3]. 

Given  the  initial  parameters  of  the  reentry  point,  A.  Miele, 
X.  Vinh,  K.  P.  Zondervan,  G.  Ley  Brauer/  Garcia,  and  Fowler  et 
al.  accomplished  much  in  optimizing  reentry  trajectories,  in 
which  more  than  10  indexes  were  involved[3].  Yet  few  of  these 
references  studied  the  optimal  reentry  trajectories  in  which  the 
sum  of  the  mass  of  propellant  consumed  at  the  deorbiting  point 
and  the  TPS  mass  was  minimized. 

This  paper  studies  optimal  trajectories  of  space  vehicles  in 
realizing  return  reentry  using  negative  lift  under  different 
lift-to-drag  ratios,  in  which  the  performance  index  is  the 
minimum  return  cost.  Based  on  a  numerical  simulation  of  reentry 
flight  using  negative  and  positive  lift  under  different  lift-to- 
drag  ratios  as  well  as  a  comparative  analysis  of  the  simulation 
results ,  this  paper  reached  some  useful  conclusions . 

2.  Methods  of  Optimizing  Return  Trajectories  of  Space  Vehicles 

No  matter  whether  positive  or  negative  lift  is  used  in 
reentry  flight,  the  methods  of  optimizing  the  return  trajectories 
of  space  vehicles  are  much  the  same.  The  only  difference  lies  in 
the  evaluation  range  of  the  roll  angle  as  a  control  variable. 

The  optimization  of  the  return  trajectories  of  space 
vehicles  involves  reentry  corridor,  estimation  of  the  mass  of 
TPS,  optimization  of  reentry  trajectories,  etc. 

2.1.  Reentry  Corridor 

The  definition  of  reentry  corridor[4]:  The  upper  boundary  of 
reentry  corridor  refers  to  the  most  gentle  trajectory  of  the 
space  vehicle  under  various  constraints.  The  first  one-third  of 
the  reentry  corridor  is  exclusively  determined  by  the  initial 
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parameters  of  the  reentry  point,  while  its  last  two-thirds  is 
determined  by  the  maximum  lift-to-drag  ratio  of  the  space 
vehicle.  The  lower  boundary  of  the  reentry  corridor  is  the 
steepest  flight  trajectory  of  the  space  vehicle  under  various 
constraints,  which  is  determined  by  the  maximiim  temperature, 
overload  and  dynamic  pressure. 

By  using  the  method  of  computing  reentry  corridor  boundaries 
in  reference  4,  the  upper  and  lower  boundaries  of  reentry 
corridor  under  positive  lift  and  negative  lift  are  calculated, 
respectively ,  using  the  United  States  Space  Shuttles  as  examples . 
The  calculations  are  shown  in  Figs.  1-4,  where  the  imaginary  and 
solid  lines,  respectively,  are  reentry  using  positive  lift  and 
reentry  using  negative  lift. 

2.2.  Approximation  Computational  Method  for  TPS  Mass  of  Soace 
Vehicles  ^ 


This  paper  discusses  only  the  approximation  computational 
method  of  TPS  mass  of  space  vehicles  with  complex  shapes  (such  as 
the  spacecraft  orbiter).  in  reference  5,  the  TPS  of  the 
spacecraft  orbiter  is  divided  into  22  segments.  In  this  case, 
the  total  mass  of  the  TPS  is 

”  -S  ”  M  M  ^  ^  j 

where  subscripts  RSI  and  M  are,  respectively,  the  reusable  heat- 
insulation  material  and  metal  (or  glass)  material. 

«  (2) 

1  (3) 

where  Ai  and  ^i,  respectively,  are  the  area  and  thermal  load  of 

the  i-th  segment.  and  respectively,  are  the  mass 

of  TPS  unit  area  when  the  i-th  segment  is  reusable  heat- 
insulation  material  and  metal;  T„...  is  the  maximum  temperature  in 
temperature  history.  ,  Reference  6  presents  f(Q)  and 
curves ,  based  on  which  reference  7  proposes  the  approximate 
accommodation  formulas . 
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I  and  T  can  be  calculated  from  the  following  formulas : 

e,  =J  (4) 

'  *  ( 5 ) 

q/q^*=ma-^h^  (/*=  K  2,  22)  ^  ^ 

c  [T  (V  V  ”  ( 6  ) 

TrJV.^V;^  .  P.«I.25,  »^,  =  7800m/s 

'  T’=q‘/Ua)  (/) 

where  k  =  k  (p,  y,  g^)  is  the  effective  factor  of  Reynolds  number, 
p,  V,  a  and  q^,  respectively,  are  atmospheric  density,  flight 
speed,  attack  angle  and  the  aerodynamically  heating  rate  of  the 
nose  cone  stagnation  point  zone.  C,  mi,  bi,  e,  a  are  all 
constants ,  which  are  given  in  reference  7 .  to  and  tf  are  the 
starting  point  and  terminating  time  of  reentry  flight;  R  is 
radius  of  the  nose  cone  stagnation  point  zone. 

2.3.  Method  of  Optimizing  Reentry  Trajectories  of  Space 
Vehicles[6] 


be 


Let  the  kinematic  differential' eguation  of  the  space  vehicle 

X^/X,  U.  t) 

(8) 

where  X  —  {Vt  >•,  a,  6,  q>},  ;  the  components  of  X,  respectively, 

are:  flight  velocity,  trajectory  dip,  drift  angle,  flight 
^I'titude,  longitude  and  latitude.  The  function  of  f  is  given  in 
reference  7.  For  spacecraft,  U=  {a.a}  ,  a  is  roll  angle;  for 

spaceship,  U=  {o}  . 

where  Xq  is  the  terminal  state  in  the  transitional  period  of 
deorbiting,  i.e.  the  initial  parameters  of  reentry  point;  Qis 
bounded  closure.  The  terminal  constraint  is 

W(/,)./,]  =  0  (10) 

where  M  is  function  of  q-dimensional  vector.  The  performance 
index  of  optimal  reentry  trajectory  is  to  minimize 


ty 


TK 


(11) 


To  minimize  J,  it  is  necessary  to  obtain  optimal  permitted 
control  U  (t).  The  following  differential  coupled  equations  can 
be  derived  from  the  principle  of  the  minimvim: 
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X^^X,  U,  /) 


.  T 


L'  =  arg  sup  H,  H  =  /.  f 


t/efi 


iX 
9W 


TfS 


where  is  the  six-dimensional  auxiliary  variable. 


(12) 

(13) 

(14) 


The  boundary  values  of  the  two  points  can  be  solved  using 
the  conjugate  gradient  method.  The  concrete  steps  of  solution 
are  shown  in  references  6  and  7. 


2.4.  Method  of  Optimizing  Return  Trajectories  of  Space  Vehicles 


The  performance  index  of  the  optimal  return  trajectories  of 
space  vehicles  is  to  minimize 


where  moo  is  the  mass  of  retro  fuel  cons;imed  at  the  deorbiting 
point . 


(15) 


(16) 


where  moo  is  mass  flow  rate  of  the  retro-engines;  too  and  toi/ 
respectively,  are' the  starting  time  and  terminating  time  of 
retro-engine  operations . 


In  this  paper,  several  groups  of  moo/  inin(WTPs)  are  calculated 
for  plotting  the  W^ps-moo  curves ,  which  are  used  to  solve  the 
minimum  value  of  J. 

3.  Numerical  Simulation  and  Analysis  of  Simulation  Results 
3.1  Computational  Conditions 


The  numerical  simulation  conditions  for  reentry  using 
positive  and  for  reentry  using  negative  lift  are  fundamentally 
the  same  except  for  the  evaluation  range  of  the  control 
variables.  The  thrust  of  the  retro-engines  is  9806. 6N;  the  mass 
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flow  rate  is  moo=-3 . 22kg/So. 
3.1.1.  Conditions  of  Spacecraft 


Its  lift  and  drag  coefficients,  respectively,  are 


(17) 


(18) 

where  Clo=-2 . 0704xl0-S  Cu=2 . 9224x10-2,  Cdo=7 . 854x10-2 
Cdi=6. 159x10-2,  Cd2=6.2141x10-^ 

The  reference  area  S=95in2;  the  mass  of  the  space  vehicle 

too ) “22000kg,  while  the  starting  and  terminating  constraints 
are  as  follows;  A'(/^)  =  (7  555in/s,  0*,  0*,  600lun,  0,  0] 

X(tf )  =  [760m/s,  -5°,  Freedom,  25km,  Freedom,  Freedom] 

In  reentry  using  positive  lift,  the  bounded  closure  U  is 

20’  <a<40'  -50’ 

In  reentry  using  negative  lift,  the  bounded  closure  U  is 

20  •  <b^42  •  0  ’  180  ’ 


3.1.2.  Conditions  of  Spaceship 


The  aerodynamic  parameters  are 


A  =0.35 


The  end  point  conditions  are 
>'(/(»)  =  [7  SOOm  /  s.  O',  O',  600km,  O',  O'] 

X(  tf )  =  [211m/s,  -65°,  Freedom,  10km,  Freedom,  Freedom] 


The  constraint  of  control  volume  a  is 
0°<a<180°  (in  negative  lift) 

-50°<a<50°  (in  positive  lift) 


7 


Fig .  1 .  Reentry  corridor  of 
spacecraft 

KEY:  (1)  inside  corridor 
( 2 )  outside  corridor 


Fig.  3  Effect  of  altitude  of 
reentry  point  on  width  of 
reentry  corridor 
KEY :  ( 1 )  inside  corridor 
(2)  outside  corridor 


Fig.  2.  Effect  of  velocity  of 
reentry  point  on  width  of 
reentry  corridor 
KEY:  (1)  inside  corridor 
(2)  outside  corridor 


Fig.  4.  Effect  of  latitude 
of  reentry  point  on  width 
reentry  corridor 
KEY:  (1)  inside  corridor 
(2)  outside  corridor 


3.2.  Calculations  and  Their  Comparative  Analysis 
3.2.1  Reentry  Corridor 


Fig.  1-4  suggest  that  the  first  one-third  of  the  reentry 
corridor  using  negative  lift  is  much  wider  than  the  one  using 
positive  lift.  This  is  because  in  the  initial  period  of  reentry 
flight,  the  space  vehicle  is  affected  by  aerodynamic  force, 

G  force,  centrifugal  force,  gravitational  force,  and  pulling 
(acceleration)  force.  During  a  reentry  flight  using  positive 
lift,  the  aerodynamic  force  acts  upward  (away  from  geocenter), 
under  which  the  space  vehicle  can  possibly  be  "thrown  out"  of  the 
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atmosphere  due  to  the  aerodynamic  force,  and  the  width  of 
corridor  is  narrower.  While  during  a  reentry  flight  using 
negative  lift,  the  aerodynamic  force  acts  downward  (pointing  at 
geocenter)  and  greatly  increase  the  ability  of  the  space  vehicle 
to  be  "captured"  by  the  atmosphere,  and  the  width  of  corridor  is 
much  larger  than  during  the  reentry  flight  using  positive  lift. 

In  addition,  the  last  two-thirds  of  reentry  corridor  using 
negative  lift  is  as  wide  as  using  positive  lift. 

3.2.2.  Properties  of  Reentry  Trajectories  (of  Spacecraft) 

A  group  of  reentry  trajectories  with  minimum  W^s  were  solved 
in  this  paper  with  regard  to  reentry  flight  using  positive  lift 
(given  moo  or  toi-too)  and  as  a  result,  the  curve  ips-moo  was  derived 
as  shown  in  Fig.  5  with  an  imaginary  line.  The  trajectory  that 
corresponds  to  point  A  in  the  figure  is  a  reentry  trajectory  with 
a  minimvim  (  TPs“nioo)*  The  curve  i  in  Figs.  6-11  represents  the 
reentry  trajectory  process  curve  in  the  atmospheric  flight 
period.  Similarly,  simulation  was  made  of  the  reentry  flight 
using  negative  lift,  the  simulation  results  being  shown  in  Fig.  5 
with  a  solid  line.  The  trajectory  that  corresponds  to  point  B  is 
the  reentry  trajectory  with  the  minimum  (Wxps+moo)  •  The  curve  2  in 
Fig.  6-11  stands  for  the  curve  signifying  the  process  of  reentry 
trajectory  in  the  atmospheric  flight  period. 

a.  Comparison  of  return  cost  (W^ps+moo).  It  is  known  from 
Fig.  5  that  when  the  mass  of  Wtps  is  uncertain  (TPS  is  at  the 
design  stage),  the  return  cost  with  negative  lift  is 
approximately  7%  lower  than  with  positive  lift,  and  while  Wtps  is 
certain  (space  vehicle  with  TPS  already  designed),  the  return 
cost  (moo)  with  negative  lift  is  around  5%  lower  than  with 
positive  lift.  This  suggests  that  the  effective  load  of  space 
vehicle  during  return  reentry  using  negative  lift  is  5-7%  higher 
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than  while  using  positive  lift . 


Fig.  5.  mooininiiniiin  W^pg  curve 
KEY :  ( 1 )  inside  corridor 
(2)  outside  Corridor 


Fig.  7.  h(t)-t  curve  of  optimal 
reentry  trajectory  of  spacecraft 
and  manned  spaceship 


Fig.  6.  V(t)-t  curve  of  optimal 
reentry  trajectory  of  space- 
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Fig.  8.  a(t)-t  curve  of  optimal 
reentry  control  law  of  space¬ 
craft  and  manned  spaceship 


b.  During  reentry  flight  using  either  negative  or  positive 
lift,  the  lower  surface  and  both  sides  of  the  space  vehicle  are 
windward,  while  its  upper  surface  is  under  the  wind.  Therefore, 
during  reentry  using  either  positive  or  negative  lift,  the 
material  mass  distribution  of  TPS  of  the  spacecraft  is  identical. 


b.  During  reentry  flight  using  either  negative  or  positive 
lift,  the  lower  surface  and  both  sides  of  the  space  vehicle  are 
windward,  while  its  upper  surface  is  under  the  wind.  Therefore, 


(t  — .1 - 1 

0  SOO  1000  ISOO  2000  2500  3000 
/(») 


Fig.  9.  a(t)-t  curve  of  optimal 
reentry  control  law  of  spacecraft 
and  manned  spaceship 


600  : 


0  1 - 1 - - - - 1: - 1 

0  500  1000  1500  2000  2500  3000 


/(s) 

Fig.  10.  curve  of  aero- 
dynamically  heating  rate  of 
optimal  reentry  trajectory 
spacecraft  and  manned 
spaceship 


Mi) 

Fig.  11.  n-t  curve  of  overload  of  optimal  reentry 
trajectory  of  spacecraft  and  manned  spaceship 


during  reentry  using  either  positive  or  negative  lift,  the 
material  mass  distribution  of  TPS  of  the  spacecraft  is  identical. 


c.  It  is  known  from  Figs.  6-11  that  during  return  reentry 
using  positive  lift,  a  large  attack  angle  (40°)  is  adopted  first 
so  as  to  obtain  an  extremely  large  drag  and  to  dissipate  huge 
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smoun'ts  of  kinstic  ©nGirgy.  However,  a  large  affack  angle 
responds  to  a  large  lift.  To  avoid  being  "bounced  out"  of  the 
atmosphere,  the  space  vehicle  has  to  fly  at  a  fairly  large  roll 
angle  (larger  than  -50°  or  smaller  than  50°)  to  reduce  the 
projection  of  the  lift  within  the  plumb  plane.  Next,  when  the 
space  vehicle  is  "captured"  by  the  atmosphere,  it  flies  along  a 
trajectory  with  minimum  aerodynamic  heating  and  overload,  etc. 

In  addition,  the  roll  angle  of  the  vehicle  rolls  from  50°  to  -50° 
so  that  both  sides  and  the  lower  surface  of  the  vehicle  are 
subject  to  uniform  heating,  favorable  for  TPS  design. 

During  the  return  reentry  using  negative  lift,  a  large 
attack  angle  (around  40°)  is  adopted  first  for  two  purposes:  one 
is  to  obtain  a  large  drag  so  as  to  dissipate  huge  amounts  of 
kinematic  energy,  while  the  other  purpose  is  to  acquire  the 
maximum  negative  lift  (at  a  roll  angle  of  180°)  so  as  to  greatly 
increase  the  ability  of  the  atmosphere  to  "capture"  the  space 
vehicle.  Next,  once  the  vehicle  is  "captured'  by  the  atmosphere, 
it  flies  along  a  trajectory  with  minimum  aerodynamic  heating  and 
overload,  etc.  Similarly,  when  the  vehicle  rolls  from  180°  to 
0°,  one  side  (or  the  other  side)  and  the  lower  surface  of  the 

are  subject  to  uniform  heating,  which  is  also  in  favor  of 
the  TPS  design. 

d.  Compared  with  reentry  using  positive  lift,  during  reentry 
using  negative  lift,  the  astronaut  will  be  sitting  upside  down, 
which  is  a  disadvantage.  However,  such  a  sitting  position  is 
endurable  for  the  astronaut,  just  as  in  a  regular  jet  fighter. 

e.  Just  as  for  reentry  using  positive  lift,  reentry  using 
negative  lift  is  also  technically  feasible. 

3.2.3  Effect  of  Lift-to-Drag  Ratio  on  Reentry  Trajectories 
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Fig.  6—11  list  the  simulation  results  of  spaceship  return 
reentry  using  positive  and  negative  lift  (where  curves  3  and  4, 
respectively,  are  reentry  using  negative  lift  and  reentry  using 
positive  lift),  including  curves  showing  variation  of  reentry 
trajectories,  optimal  control,  and  the  thermodynamic  environment 
with  time.  The  comparison  of  trajectory  properties  between 
spaceship  and  spacecraft  indicates  that  during  reentry  using 
either  positive  or  negative  lift,  the  space  vehicle  with  a  larger 
lift-to-drag  ratio  always  possesses, a  larger  mobile  ability  in 
horizontal  and  vertical  directions,  and  a  smaller  aerodynamic 
heating  rate  and  instantaneous  overload.  Fig.  1  indicates  that 
the  reentry  corridor  is  also  much  wider. 


1 


Fig.  12.  Curve  showing  effect  of  lift-to-drag 
ratio  on  effective  load  of  space  vehicle  during 
reentry  using  negative  lift 

Fig.  12  suggests  that  compared  with  reentry  using  positive 
lift,  the  effective  load  of  the  space  vehicle  with  a  larger  lift- 
to-drag  ratio  can  greatly  increase  during  reentry  using  negative 
lift,  while  the  effective  load  of  the  space  vehicle  with  a 
smaller  lift-to-drag  ratio  increases  very  little.  This  is 
because  during  a  reentry  using  negative  lift,  space  vehicles  with 
a  larger  lift-  to-drag  ratio  possess  an  extremely  strong  ability 
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to  be  "captured"  by  the  atmosphere  and  thereby,  the  mass  of  fuel 

consumed  of  retro-engines  greatly  decreases  at  the  deorbiting 
point . 

4.  Conclusions 

This  paper  studied  the  concept  of  return  reentry  using 
negative  lift  under  different  lift-to-drag  ratios.  Also,  it 
calculated  reentry  corridor,  optimal  reentry  trajectories,  etc. 
during  return  flight  using  negative  lift,  and  the  calculations 
were  compared  with  those  using  positive  lift.  In  addition,  the 
effect  of  lift-to-drag  ratio  on  reentry  trajectories  was  also 
analyzed.  Since  space  vehicles  with  a  large  lift-to-drag  ratio 
can  have  an  increased  effective  load,  and  is  feasible 
technically,  it  is  then  believed  that  the  return  flight  using 
negative  lift  is  superior  to  the  one  using  positive  lift. 
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FOUR  PREVENTIVE  MEASURES  AND  GROUNDING  OF  LAUNCH  VEHICLES 
Gao  Zhi 

Beijing  Aerospace  Automatic  Control  Institute 

ABSTRACT:  The  damage  inflicted  on  launch  vehicles  that  may¬ 
be  caused  by  thunder  and  lightning  is  introduced.  The 
measures  of  lightning  protection,  electrostatic-proofing, 
moisture-proofing,  and  protection  against  rainwater  when 
synchronous  communications  satellites  are  launched  during 
thunderstorms  and  rainy  weather  are  summarized,  and  the 
grounding  is  described. 

KEY  WORDS:  launch  vehicle,  lightning  protection,  antistatic 
technique,  moisture-proofing,  protection  against  rainwater, 
grounding  ( electric ) . 

1.  "Four  Preventive  Measures"  Required  in  Thunderstorm  Season 

Occasionally,  satellites  are  required  to  be  launched  in 
thunderstorm  season  and  especially  in  July,  a  month  with  the  most 
lightning  storms.  For  this  reason, ■ sufficient  attention  should 
be  paid  to  the  four  preventive  measures,  namely:  lightning 
protection,  electrostatic  protection,  moisture  protection,  and 
protection  against  rainwater. 

In  the  world  history  of  aerospace,  there  have  been  several 
records  of  severe  lightning  damage  to  launch  vehicles,.  In 
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November,  1969,  the  American  Saturn-mounted  Apollo  12  was 
launched.  At  first,  it  was  on  a  normal  flight,  yet  36.5s  after 
take-off  when  it  was  traveling  at  an  altitude  of  approximately 
1920m,  a  lightning  stroke  occurred  running  from  the  cloud  layer 
down  to  the  ground  via  this  rocket.  Then,  52s  after  take-off 
when  the  rocket  was  at  approximately  4300m  high,  another 
lightning  strike  followed,  which  extended  from  the  upper  cloud 
layer  to  the  lower  cloud  layer  by  way  of  the  same  rocket. 

On  March  26,  1987,  the  United  States  launched  a  U.S.  Navy 
fleet  communications  satellite-6  by  using  the  Cosmos -Centaurus- 6 
launch  vehicle  at  the  Kennedy  Space  Center  at  Cape  Canaveral. 
Shortly  after  takeoff,  the  rocket  exploded.  In  investigations  of 
this  accident,  it  was  shown,  by  means  of  recovered  rocket 
fragments,  that  the  rocket  was  hit  by  lightning,  i.e.,  it  either 
disintegrated  or  failed  in  many  functions  because  of  lightning. 

Similarly,  static  electricity  can  also  frequently  cause 
erroneous  blasting  of  electric  blast  tubes  in  rocket  industry 
products.  These  kinds  of  accidents  may  also  result  from 
electromagnetic  radiation  generated  by  radio  or  radar 
transmitters,  which  can  interfere  with  equipment  and  instruments. 
Even  more  accidents  may  originate  from  electromagnetic  induction, 
leakage,  cross  electricity,  poor  grounding,  or  operations 
contrary  to  regulations. 


According  to  statistics  kept  at  meteorology  departments  in 
China,  the  strongest  lightning  current  ever  recorded  in  this 
country  was  330kA.  The  probability  of  lightning  stronger  than 
30kA  is  0.52,  which  is  intermediate  level  lightning.  During 
Thunderstorm  H  that  covered  40km,  lightning  with  a  maximum 
intensity  of  300kA  was  detected,  in  which  the  electric  field 
intensity  was  30kV/m.  Sometimes  lightning  currents  are  120kV 
with  an  electric  field  intensity  of  13.2kV/m.  And  there  are  even 
more  lightning  currents  of  intermediate  intensity. 


2.  Lightning  Protection  Measures  for  Launch  Vehicles 
2.1.  Lightning  Mechanism 

To  adopt  lightning  protection  measures  for  launch  vehicles, 
it  is  needed  to  first  understand  the  formation,  performance,  and 
destructive  mechanism  of  lightning. 

It  is  245  years  since  Franklin  started  to  study  lightning 
phenomena  in  nature  in  1749.  Relative  to  this  date,  there  has 
been  only  somewhat  more  than  40  years  of  research  on  lightning 
protection  for  launch  vehicles.  In  addition,  only  a  few 
publications  specialize  on  this  subject  abroad. 

Much  research  was  done  in  foreign  countries  with  regard  to 
the  lightning  process  and  performance  and  a  nvimber  of  papers  were 
published  in  this  area.  Lightning  can  be  defined  as 
instantaneous  arc  discharges  from  heavy  currents  along  paths 
measured  in  kilometers .  When  the  capacity  of  the  electric  charge 
and  the  corresponding  electric  field  intensity  in  space  or  clouds 
high  enough  to  cause  air  breakdown,  lightning  occurs. 
Lightning  can  take  place  inside  a  cloud,  between  clouds,  between 
a  cloud  and  the  ground,  or  between  a  cloud  and  the  surrounding 
atmosphere.  Prior  to  lightning,  the  atmospheric  electric  field 
Ey  can  be  expressed  in  Eg.  (1): 

1.789  X  lo'^/ZO 
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where  Ey  is  the  vertical  component  of  the  electric  field  (V/m); 

H  is  the  height  of  the  electric  charge  from  the  ground  (m);  Qq  is 
the  charge  capacity  at  the  center  of  the  lightning  cloud  (C); 
d  is  the  distance  from  the  projection  point  of  the  charge  on  the 
ground  (m) . 


The  geodetic  electric  field  Er  can  be  expressed  in  Eq.  (2); 
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where  Iq  is  the  maximiim  current  of  the  leader  (IcA);  ro  is  the 
distance  from  the  leader  (m) ;  V  is  the  velocity  of  the  leader 
(m/s);  Vo  is  the  speed  of  light  3xlOWs;  P  is  geodetic 
resistance  (fi-m);  Zq  is  characteristic  impedance  (30S2);  t  is  time 
(s);  T  is  the  return  streamer  time  (s). 


The  magnetic  field  produced  by  the  leader  current  B  can  be 


expressed  in  Eg.  (3): 
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where  x  is  the  time  measured  from  the  arrival  of  the  leading  edge 
of  the  magnetic  field. 


Generally  speaking,  each  flash  of  lightning  includes  three 
or  four  strokes.  A  lightning  process  is  usually  completed  in 
several  stages,  such  as  stepped  guide,  return  stroke,  continuous 
current,  javelin  guide,  and  secondary  shock. 

As  for  the  performance  of  lightning,  general  lightning 
performance  data  between  the  clouds  and  the  ground,  the 
statistical  distribution  characteristics  of  lightning  parameters, 
and  the  discharge  performance  of  natural  lightning  have  been 
reported  from  foreign  sources.  Here,  we  briefly  introduce 
various  possible  damaging  effects  of  direct  lightning  and 
indirect  lightning  on  launch  vehicles  as  well  as  the  equipment  of 
ground  test  system,  engine  control  system,  and  fuel  system,  etc. 

2.1.1.  Effect  of  High  Voltage 

High-voltage  and  intensive  electric  fields  (including 
electrostatic  fields  and  dynamic  electric  fields ) 


ao 


can  cause 


perforation,  fracture,  and  deformation  of  insulating  materials 
and  overlapping  structures.  Generally  speaking,  the  high-voltage 
electron  currents  proper  cause  little  damage,  yet  the  follow-up 
heavy  stroke  currents,  flowing  along  the  paths  of  electron 
currents,  may  generate  high  temperatures,  high  pressures,  and 
shock  waves,  which  are  highly  damaging.  In  addition,  sparks  as  a 
result  of  high-voltage  and  intensive  electric  fields  are  a  major 
threat  to  fuel  systems  and  electric  blasting  devices  as  rocket 
industry  products.  Further,  the  large  voltage  drop  caused  by 
heavy  currents  can  also  damage  insulation  of  internal  wires . 

2.1.2.  Effect  of  Intensive  Currents 

Under  direct  lightning,  the  strong  shock  currents  that  pass 
through  the  surface  of  the  case  may  reach  200kA.  These  currents 
themselves  will  not  generate  large  thermal  effects  and  corrosion 
in  large  conducting  structures,  but  the  electromagnetic  force 
originating  from  the  interaction  between  the  strong  pulsed 
magnetic  field  (dynamic  magnetic  field)  caused  by  these  currents 
and  the  intensive  electric  currents  can  lead  to  ripping  or 
bending  of  materials.  If  there  is  no  enough  current  capacity  in 
the  wire  through  which  the  lightning  currents  pass,  the  wire  will 
explode  and  produce  great  damage.  As  for  the  great  induction 
voltage  caused  by  L(di/dt),  it  can  give  rise  to  breakdown  or 
ignition . 

2.1.3.  Effect  of  Induction  Cross -coupling 

Most  lightning-related  accidents  result  from  the  strong 
induction  voltage  (as  strong  as  thousands  of  watts)  occurring  in 
cable  networks  and  electronic  circuits .  The  intensive  magnetic 
field  and  leakage  currents  generated  by  lightning  shock  currents 
can  produce  electromagnetic  cross-coupling.  Electric  fields  have 
a  weak  ability  to  penetrate  launch  vehicles,  while  magnetic 
fields  can  strongly  penetrate  them.  The  electromagnetic  cross- 


coupling  is  associated  with  the  growth  rate  of  lightning  strike 
currents  and  may  reach  lOOkA/jas.  Since  large  numbers  of  solid 
circuits  and  digital  control  circuits  are  being  employed,  which 
have  easy  access  to  interference,  it  is  vitally  important  to 
reduce  the  destructive  effects  of  induction  voltage  (through 
rational  wiring,  and  proper  grounding  and  shielding). 

2.1.4.  Effect  of  Heavy  Electric  Charge 

electric  welding  machine ,  direct  currents  of 
hundreds  of  amperes  can  produce  ablation,  melt  metallic  wires, 
and  ignite  combustibles  in  hundreds  of  milliseconds.  Also,  they 
can  damage  organic  synthetic  materials. 

2.1.5.  Effect  of  Electromagnetic  Waves 

Within  100km  from  a  launch  complex,  lightning  can  generate 
electromagnetic  waves  under  30kHz  (with  a  lightning  frequency 
approximately  IMHz  generally),  which  can  produce  interference  to 
electrical  measurement  and  electrical  control  systems,  such  as 
the  control  system  and  telemetry  system  of  launch  vehicles. 


In  summary ,  lightning  has  effects  on  launch  vehicles  in 
basically  three  patterns:  a.  electric  field  penetration; 

®l®®'tromagnetic  cross— coupling;  and  c.  direct  cross— coupling. 
All  the  three  patterns  can  affect  launch  vehicles,  but  the  most 
significant  one  is  electromagnetic  cross -coupling.  Actually, 
most  of  the  lightning-induced  launch  vehicle  accidents  are  caused 
by  lightning-related  cross-coupling. 

It  is  a  rather  complex  problem  to  protect  launch  vehicles 
and  their  ground  equipment  including  test  system,  launch  control 
system  and  fueling  system  against  lightning.  The  following  is  a 
summary  of  lightning  protection  measures  intended  for  launch 
vehicles . 


Fig .  1 .  Lightning  protection  tower 
around  launching  tower 
KEY :  ( 1 )  launching  tower 

2.2.  Lightning  Protection  Measures  Required  for  Launch  Sites 

To  protect  launch  sites  from  lightning,  it  is  required  to 
consider  lightning  protection,  lightning  arresting,  lightning 
guard,  and  grounding  in  their  design  and  construction. 

a.  Three  lightning  protection  towers  should  be  built  around 
a  launch  site.  Each  tower  should  have  an  independent  grounding 
setup,  whose  grounding  resistance  should  not  be  smaller  than  10 
as  shown  in  Fig.  1.  The  height  of  the  lightning  rod  must  be 
1.5-2  times  that  of  the  launch  tower. 

b.  In  the  main  direction  of  the  lightning  strike,  a 
lightning  arrester  rod  should  be  mounted  much  higher  than  the 
launch  tower  as  well  as  the  lightning  rod.  The  lightning 
arrester  rod  should  be  able  to  effectively  arrest  lightning  with 
currents  under  30kA. 

c.  Under  each  lightning  protection  tower,  several  grounding 
piles  made  of  stainless  steel  should  be  buried  below  the 
lightning  arrester  rod,  which  are  connected  to  one  another  with 
flat  steel  as  shown  in  Fig.  2. 
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As  indicated  in  Fig.  2,  there  is  a  total  of  13  grounding 
piles  buried  under  tower  A,  while  nine  grounding  piles  are  buried 
under  towers  B  and  C,  respectively.  Each  pile  is  2.5in  in  length 
and  $65inin  in  diameter.  The  connecting  flat  steel  is  40x4mm2. 

d.  There  is  a  unified  grounding  network  of  unifoinn  pressure 
set  up  on  the  launch  site,  whose  grounding  resistance  is  no  more 
than  in.  This  network  should  be  separated  from  the  lightning 
protection  grounding  network  belonging  to  the  lightning 
protection  tower  at  a  distance  of  more  than  15m. 


tal  <b)  (c) 


Fig.  2.  Arrangement  of  grounding  piles 
under  lightning  protection  towers 

e.  Once  enclosed,  the  mobile  working  platform  of  the  frame 
around  the  launch  tower  is  equivalent  to  a  Faraday  shield  cage 
and  the  platform  is  securely  connected  with  the  grounding  network 
of  uniform  pressure  at  the  launch  site.  On  the  working  platform 
there  are  16  soft  equipotential  cables  with  a  cross  section  no 
less  than  35mm^  and  resistance  no  more  than  20mn,  which, 
connected  to  the  cases  of  individual  structural  sections  of  the 
rocket,  form  an  equipotential  body..  This  can  ensure  that  when 
lightning  strikes  the  launch  tower,  over  70%  of  the  lightning 
current  would  be  carried  away  through  its  frame,  thus  diminishing 
the  shock  and  damage  to  the  equipment  and  instruments  in  the 
rocket . 


2.3  Lightning  Protection  Measures  Taken  for  Launch  Vehicles 
2.3.1  Lightning  Protection  Design 

The  major  lightning  protection  measure  taken  for  launch 
vehicles  is  to  make  the  rocket  structure  an  ideal  shield  and 
securely  grounded. 

a.  When  lightning  currents  pass  through  the  outside  of  the 
rocket  casing,  over  500V  induction  voltage  and  sparks  will  occur 
inside  the  rocket,  which  may  damage  its  electrical  measurement 
and  electrical  control  systems,  such  as  the  control  system.  To 
avoid  this  threat,  excellent  equipotential  connections  between 
various  sections  of  the  rocket  and  its  overall  resistance  no  more 
than  lOOmfl  are  required  in  the  overall  rocket  design.  While  in 
designing  the  rocket  body,  connection  between  its  various 
structures  is  required  to  be  in  an  overlapping  form  so  as  to 
protect  it  from  lightning,  the  cross  section  of  overlapping  wires 
being  no  less  than  20mm^,  and  the  overlapping  resistance  being  no 
more  than  lOmQ.  It  is  also  required  that  the  lightning  current 
can  safely  pass  through  in  the  case  when  sealing  measure  is  taken 
to  prevent  corrosion. 

b.  To  ensure  the  integrity  of  the  rocket  casing  as  well  as 
the  symmetry  and  uniformity  of  the  lightning  current,  metallic 
parts  including  fairings,  hatchways,  hatches,  etc.,  that  are 
mounted  on  the  rocket  body  should  be  securely  connected  to  the 
body  through  the  main  overlapping  wire  (<200mm).  The  overlapping 
resistance  of  each  overlapping  surface  should  not  exceed  ImQ,  and 
the  overlapping  resistance  of  the  movable  metallic  surface  should 
not  exceed  5mfl. 

c.  The  overlapping  resistance  between  the  instruments  of 
various  systems  mounted  inside  the  rocket  and  its  structures 
should  not  exceed  20mQ.  Appropriate  measures  should  be  taken  for 


those  mounted  in  a  floating  way.  Spark-extinguishing  damping 
circuits  should  be  adopted  for  inductance  loads,  such  as  power- 
driven  air  valves  of  hydrogen-oxygen  engines,  attitude  control 
electromagnetic  valves ,  relay  circuits ,  etc . 

d.  Each  engine  should  overlap  the  launch  rocket  body  at 

least  in  two  places,  and  its  resistance  value  should  not  exceed 
lOmQ . 


e.  Short-circuit  plugs  (sockets)  are  designed  for  the 
plugging  pieces  of  rocket  industry  products  including  electrical 
blasting  tubes  and  explosive  bolts,  when  the  rocket  industry 
products  are  connected  to  the  circuits  of  the  system,  the  short- 
circuit  plugs  (sockets)  protection,  grounding  and  shields  should 
be  employed.  These  are  used  to  prevent  lightning  currents  from 
producing  sparks  when  they  flow  through  rocket  casing  covers,  and 
to  prevent  possible  threats  brought  to  the  electrical  blasting 
tubes  by  electromagnetic  cross-coupling  occurring  when  lightning 
currents  pass  through  hatches  as  well  as  the  high  frequency 
electromagnetic  pulses . 

f.  On  the  four  tail  fins  of  the  first  stage  of  the  launch 
vehicle,  respectively  are  mounted  three  electrostatic  discharge 
devices  (12  in  total).  The  distance  between  the  discharge 
devices  is  no  less  than  300mm.  The  overlapping  resistance 

between  the  mounting  base  of  the  discharge  device  and  the  rocket 
body  should  not  exceed  lOmfl. 

g.  The  launch  vehicle  connects  with  the  machinery  of  the 
satellite  through  its  support.  This  connection  must  be  of  equal 
potential  with  a  contact  resistance  at  the  joint  surface  no  more 
than  lOmQ.  The  electrical  systems  of  the  rocket  and  the 
satellite  adopt  single-point  grounding  mode. 


h .  The  rear  of  the  launch  vehicle 


connects  to  the  fastener 


(pile)  in  the  equal  pressure  grounding  network  at  the  launch  site 
through  a  grounding  line  with  a  cross  section  no  less  than  35inin^ 
and  a  resistance  no  more  than  25mn.  The  contact  resistance  of 
the  fastener  is  no  more  than  lOmR.  When  the  rocket  takes  off, 
the  fastener  automatically  comes  off.  The  contact  resistance 
between  the  rocket  and  fastener  is  no  more  than  Smfl. 

2.3.2.  Lightning  Protection  Measures  for  the  Launching  Site 

a.  The  rod  system  between  the  first  and  second  rocket  stages 
is  shielded  with  tinfoil  cloth  to  protect  it  from  being 
penetrated  by  lightning  electromagnetic  waves  in  a  thunderstorm. 

b.  Lightning  protection  shields  and  grounding  measures  are 
adopted  for  all  ground  test  cables,  control  cables,  fueling  pipes 
and  gas  supply  pipes  that  are  connected  with  the  rocket.  The 
shielding  covers  of  these  cables,  pipes,  and  wires  are  connected, 
with  a  grounding  pile  erected  every  10-20m,  to  the  equal  pressure 
grounding  mesh,  their  contact  resistance  being  no  more  than  5mR. 

c .  Through  a  special  treatment ,  the  dropping  and  deplugging 
of  plugs  of  the  ground  test  cables  and  the  dropping  and 
deplugging  sockets  of  the  rocket  casing  are  in  a  reliable  and 
coaxial  connection. 

d.  All  the  test  and  control  cables  that  connect  to  the 
launch  vehicle  should  be  deplugged  as  long  as  an  over  30kA 
lightning  is  forecast . 

e.  Some  of  the  instrviments  and  equipment  installed  in  the 
launch  vehicle  are  floating,  such  as  the  digital  control  computer 
of  the  control  system,  the  power  supply  of  the  computer,  and  the 
rate  gyroscope  (insulated  from  the  rocket).  The  first-stage 
pitch  and  yaw  gyroscope  is  mounted  in  the  interbay  section  of  the 


second  stage,  which  is  already  safe. owing  to  the  shield  of  the 
rocket  casing.  The  first-stage  roll-rate  gyroscope  is  installed 
below  the  rod  system  of  the  first  and  second  stages  and  is 
wrapped  up  with  a  metal  fairing  connected  to  the  rocket  body,  and 
therefore,  it  is  also  safe.  The  second-stage  pitch-  and  yaw-rate 
gyroscopes  are  mounted  on  the  external  side  of  the  third-stage 
skirt  casing,  next  to  the  telemetry  antenna.  In  this  case,  it  is 
required  that  the  fairing  of  the  rate  gyroscope  should  be  made  of 
glass-reinforced  steel  materials  that  allow  waves  to  penetrate, 
and  they  should  not  be  made  of  reflecting  metal  materials.  With 
such  a  scenario,  it  is  decided  that  the  fairing  of  glass- 
reinforced  steel  be  covered  with  a  copper  mesh  and  is  connected 
with  the  rocket  casing  so  as  to  protect  it  from  lightning  damage. 
But  prior  to  launch,  the  copper  mesh  should  be  taken  off  so  as 
not  to  affect  the  transmission  and  reception  of  telemetry 
signals. 


The  digital  computer  and  its  power  supply  installed  in  the 
instrument  bay  are  made  insulated  from  the  rocket  casing,  because 
the  instrument  bay  itself  is  the  logical  ground.  Before  the 

of  the  satellite  is  mounted,  the  rocket  should  be  erected 
on  the  launch  tower  frame  for  a  long  time.  In  this  case,  the 
following  three  lightning  protection  arrangements  must  be  made 
for  the  foregoing  two  instruments  in  July  when  lightning  is 
frequent: 

The  first  arrangement:  the  whole  equipment  should  be  covered 
with  a  shield  mesh  that  allows  heavy  currents  to  pass  to  simulate 
a  Faraday  cage.  Actually,  this  copper  mesh  serves  as  a  shield 
cover  for  the  instruments,  which  is  composed  of  three  insulating 
cotton  cloth  layers  with  the  copper  mesh  in  between.  Two 
grounding  lines  are  welded  to  the  copper  mesh  that  are  connected 
to  one  another  with  a  shield  casing  pipe . 


The  second  arrangement :  two  more  grounding  lines  are 


respectively  connected  to  the  case  (i.e.,  logical  ground)  of 
these  two  instriiments .  All  the  four  grounding  lines  are 
connected  with  the  rocket  casing  as  soon  as  a  test  is  over,  while 
prior  to  the  test,  they  must  be  disconnected.  Otherwise,  the 
logical  ground  of  the  rocket  machinery  will  be  connected  with  the 
rocket  case  and  cause  a  hyper-difference  in  the  test  results,  and 
hyper-difference  marks  will  appear  on  the  screen. 

The  third  arrangement:  the  dust-protecting  support  of  the 
instrviment  bay  is  covered  with  a  cylindrical  cover  made  from  the 
copper  mesh,  which  is  securely  connected  to  the  rocket  casing 
with  a  grounding  wire  which  allows  heavy  currents  to  pass.  In 
this  case,  all  the  instruments  in  the  instrument  bay  can  be 
protected,  including  the  control  system  instruments,  such  as 
digital  computer  and  platform,  as  well  as  telemetry  and  outer 
space  measurement  instruments  and  all  the  control  and  liquid 
level  instruments . 

3 .  Measures  for  Electrostatic  Protection 

a .  Liquid  hydrogen  and  liquid  oxygen  are  high-energy 
propellants.  Liquid  hydrogen,  a  colorless,  tasteless  and 
transparent  liquid  with  a  low  boiling  point  (-253°e),  can 
frostbite  human  beings  and  make  materials  bristle.  Liquid 
hydrogen  has  an  extremely  high  ability  to  leak  and  can  vaporize 
quickly.  The  velocity  of  its  leakage  (volume  flow  rate)  is 
approximately  100  times  that  of  gasoline.  When  temperature  rises 
to  0°C,  its  volume  increases  by  around  800  times.  Hydrogen  is 
inflammable,  easy  to  explode,  colorless,  tasteless  and  without 
smell,  difficult  to  distinguish.  Further,  hydrogen  has  very  low 
ignition  energy.  A  slight  strike,  friction,  discharge  among 
different  potentials,  ignition  of  various  bursters,  open  fire, 
hot  gas  flow,  smoke,  lightning  induction  or  electromagnetic 
radiation,  etc. — all  these  can  ignite  the  mixture  of  liquid 


hydrogen  with  air. 


In  an  open  environment,  the  mixture  of  liquid  hydrogen  with 
air  usually  self-explodes  and  burns,  and  the  hot  gas  thus 
generated  can  rapidly  expand  and  form  a  pressure  wave  which  can 
damage  the  buildings  around.  When  the  concentration  of  liquid 
hydrogen  increases  to  the  detonation  limits,  it  will  explode  as 
long  as  there  is  any  ignition  source  nearby.  When  deflagration 
converts  to  detonation,  flame  and  shock  waves  can  transmit  at 
supersonic  speeds,  producing  local  pressure  intensities  300  times 
as  high  as  the  initial  pressure  intensity.  Thus,  detonation  can 
provide  an  extremely  strong  destructive  force.  The  shock  waves 
can  damage  human  bodies,  mainly  causing  blood  vessel  rupturing 
and  further,  hypodermic  bleeding  or  internal  organ  bleeding  and 
particularly,  liver,  spleen  and  lung  rupture.  With  an  excess 
pressure  of  0.021MPa,  shock  waves  can  twist  people  up  and  eject 
them.  When  the  overpressure  reaches  0.035MPa,  it  can  lead  to 
eardrum  rupture;  when  it  is  even  stronger,  it  can  directly  damage 
human  internal  organs  or  cause  death. 

Liquid  hydrogen  possesses  electrostatic  cumulative 
properties.  With  a  resistance  between  10^^  and  10^’  fi/cm,  liquid 
hydrogen  can  easily  accumulate  high  insulation  substances  of 
electrostatic  charge  and  easily  produce  extremely  high 
electrostatic  potentials  during  high  speed  flow,  leakage  spray, 
or  friction  separation.  If  there  is  solid  dust  in  liquid 
hydrogen,  its  electrostatic  potential  may  reach  7.2kV;  if  it 
contains  moisture,  its  electrostatic  potential  can  rise  to  5.4kV; 
when  the  saturated  vapor  in  the  liquid  hydrogen  is  totally 
discharged  at  a  high  speed,  its  electrostatic  potential  may  reach 
12kV.  Since  liquid  hydrogen  has  an  intensity  of  breakdown 
electrical  field  of  15.5kV/cm  while  its  ignition  ability  is 
extremely  low,  it  is  truly  a  great  danger  with  accumulated  static 
electricity.  Since  cryogenic  liquid  hydrogen  has  a  density 
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larger  than  that  of  constant-temperature  liquid  hydrogen,  it  is 
even  more  dangerous  with  accumulated  static  electricity. 

b.  Launch  vehicles  are  equipped  with  many  kinds  of  rocket 
industry  products,  such  as  electrical  blasting  tubes,  thrust 
rockets,  and  retro-rockets,  and  igniters.  Before  launch,  after 
takeoff  and  in  flight,  the  launch  vehicles  can  be  electrified  due 
to  charges  generated  by  induction  of  atmospheric  potential 
gradients  or  by  electrostatic  charges  caused  by  occasional 
friction,  which  can  give  rise  to  potential  differences.  When  the 
potential  difference  grows  to  a  certain  value,  the  vehicles  can 
produce  spark  discharge  and  result  in  erroneous  explosion  of 
rocket  industry  products  including  electrical  blasting  tubes. 

c.  In  operation,  operators  not  wearing  electrostatic 
P^^otection  clothes ,  shoes ,  socks ,  hats ,  gloves ,  and  particularly, 
those  wearing  manmade-fiber  clothing  and  shoes  with  plastic  soles 
will  carry  static  electricity  (evidenced  by  sparks  and  crackling 
sounds  in  the  dark  when  operators  take  off  their  chemical  fiber 
or  fiber-blended  clothes).  And  when  operators  with  static 
electricity  touch  well-grounded  equipment  or  shake  hands  with 
other  people,  sparks  may  be  evoked,  which  can  serve  as  a 
potential  source  for  an  accident. 

d.  Among  the  electrostatic  protection  measures  taken  for 
launch  vehicles  are: 

1)  Railway  liquid  hydrogen-transporting  or  carrying  tanks 
and  carriages  should  be  connected  through  wires  to  form  equal 
potentials  and  properly  grounded; 

2 )  The  metallic  pipes  and  cables  of  the  hydrogen  charge  and 
discharge  systems  should  be  armed  with  lightning  arresters;  a 
grounding  pile  should  be  buried  every  10-20m  between  cable  shield 
covers  with  a  grounding  resistance  no  more  than  lOmfl; 
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3)  To  prevent  spark  discharge  generated  by  electrostatic 
induction^  the  circuits  of  rocket  industry  products  including 
electrical  blasting  tubes  and  explosive  bolts  should  all  be 
grounded  with  short-circuit  plugs  (sockets)  to  protect  them  from 
erroneous  explosion.  After  evaluation  of  the  loop  resistance 
before  launch,  the  short-circuit  plugs  (sockets)  should  be 
deplugged,  and  the  equipment  should  be  connected  to  the  system; 

4)  All  materials  on  site  are  required  (regular  fuel, 
oxidizer,  liquid  hydrogen,  liquid  oxygen,  going  to  the  tower, 
etc . )  to  wear  combustion-resistant  and  electrostatic  protection 
clothes  to  GB1204  standard,  and  electrostatic  protection  plastic- 
sole  shoes,  electricity-conducting  plastic-soled  shoes, 
electrostatic-protective  socks,  hats  or  pure  cotton  clothing  and 
hats  to  GB4385  standard.  The  clothes  should  be  separate  for  the 
upper  and  lower  parts  of  the  body  so  that  they  are  easily  removed 
in  emergencies ; 

5 )  The  body  of  an  operator  is  a  static  electrification 
device  and  also  a  capacitor.  Therefore,  each  operator  must  wear 
a  grounding  bracelet  on  his  arm  while  operating  and  particularly 
installing  rocket  industry  products,  such  as  electrical  blasting 
tubes,  explosive  bolts,  or  igniters. 

6)  The  following  articles  are  prohibited  on  site:  any  fire 
source,  smoking,  chemical  fiber,  nylon  or  fur  clothes  and  spiked 
heel  shoes . 

7)  To  discharge  the  static  electricity  carried  by  human 
bodies,  well-grounded  static  electricity-removing  copper  clubs 
are  placed  at  the  door,  elevators,  and  staircases.  Operators 
must  touch  the  clubs  with  their  hands  before  entering  the  site  or 

the  launch  tower  near  the  launch  vehicle  so  as  to  ensure 
the  safety  of  rocket,  equipment,  satellite,  and  personnel. 


8)  To  prevent  static  electricity,  lightning  and 
interference,  the  instruments  and  cables  belonging  to  different 
systems  of  the  rocket  should  be  shielded  (with  copper  meshes, 
shielded  clothing,  shielded  wires,  copper-coated  wires,  etc.). 
Some  key  sections  of  the  control  system  should  even  be  double- 
shielded. 


e.  Grounding  is  vitally  important  and  fairly  complicated. 

It  is  extremely  significant  and  efficient  for  preventing 
lightning,  static  electricity,  electromagnetic  radiation  produced 
by  radio  telemetry  transmitters  and  outer  space  measurement 
transponders,  and  electromagnetic  induction  generated  through 
distribution  parameters  L,  C,  R,  and  other  sources. 

Grounding  can  prevent  charge  buildup.  Capacitors  can  be 
formed  between  ungrounded  conductors  and  ground  or  between 
ungrounded  conductors,  and  capacity  can  lead  to  charge  buildup. 

To  destroy  the  conditions  for  charge  buildup,  various  items  on 
the  operation  site  (including  the  rocket  itself,  frame  of  launch 
tower,  working  platform;  support;  testing,  control  and 
transmission  equipment;  regular  and  hydrogen -oxygen  fueling 
equipment,  rarefying  equipment;  telemetry  and  outer  space 
measurement  equipment;  ventilation  and  air  conditioning;  gas 
supply  and  gas  discharge  equipment  and  cable  shield  covers,  etc.) 
must  be  appropriately  grounded. 

1)  Special  grounding  devices  must  be  buried,  respectively, 
for  the  control  system,  telemetry/outer  space  measurement  system, 
satellite  system,  power  system,  regular  fueling  system  and 
hydrogen-oxygen  charge  and  discharge  system,  electronic  computer, 
precision  electronic  instruments  and  equipment,  general 
electronic  apparatus,  shield  body,  electrostatic  and 
electromagnetic  protection  facilities .  Grounding  wires  and 
neutral  wires  of  power  equipment,  water  supply  pipes  and  sewers 
or  central  heating  pipes  are  strictly  prohibited  from  being  used 
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in  place  of  grounding  devices.  This  kind  of  grounding  is 
schematically  shown  in  Fig.  3. 

The  special  grounding  devices  are  required  to  be  installed 
far  away  from  the  lightning  protection  grounding  devices  and  the 
grounding  devices  of  the  power  equipment.  Usually,  these 
grounding  devices  should  be  buried  no  less  than  15m  in  depth  at 
an  interval  of  no  less  than  5m. 

2)  Since  the  special  grounding  wires  for  control,  telemetry 
and  outer  space  measurement  and  satellite  are  connected  with  one 
another  in  the  cable  ditch  under  the  launch  tower  and  then 
connected  to  the  equal  pressure  grounding  mesh  at  the  launch  site 
with  a  thick  and  soft  shielded  cable,  mutual  interference  between 
them  is  fairly  severe.  When  the  main  computer  of  the  measurement 
and  control  system  is  closed,  the  collection  machine  bay  placed 
in  the  operating  room  on  the  frame  of  the  tower  still  receives  a 
set  of  coded  signals,  which  are  believed  to  come  from  the  single 
line  system  of  the  outside  system  through  a  common  grounding 
wire.  This  is  rather  a  grounding  chaos,  i.e.,  mutual  effect  and 
mutual  interference  among  technological  grounding,  operating 
grounding,  protection  zeroing,  and  protection  grounding.  To 
control  the  system,  we  installed  an  independent  grounding  device, 
which  is  thoroughly  cut  off  from  other  grounding  devices. 

Besides,  the  grounding  wires  of  the  voltage-stabilized  source  of 
the  collection  machine  bay  are  also  completely  cut  off  from  other 
grounding  devices  so  that  interference  can  be  eliminated. 

4 )  All  the  instriunents  of  the  measurement  and  control 
equipment  are  grounded.  To  prevent  low  frequency  (including  tone 
frequency)  interference,  the  principle  of  single-point  grounding 
must  be  obeyed. 

5)  To  prevent  high-frequency  interference,  the  shield  covers 
of  the  shield  cables  are  grounded  at  two  ends.  To  prevent 


lightning  destruction/  multiple  grounding  is  adopted  for  cable 
shield  covers  to  reduce  the  lightning  currents  that  pass  through 
the  cable  and  decrease  the  effect  of  lightning  on  the  ground 
equipment  that  connects  to  the  cable. 

6 )  All  neutral  wires  for  protection  zeroing  and  ground  wires 
for  grounding  protection  must  be  securely  connected.  They  are 
not  allowed  to  be  cross -connected  to  any  switches  and  fuses. 

7 )  The  operating  room  in  the  launch  tower  is  required  to  be 
protected  from  electromagnetic  interference.  Its  doors  and 
windows  should  be  grounded  with  copper  mesh  shields  to  reduce  the 
foregoing  electromagnetic  interference. 

8)  Grounding  wire  fasteners  (piles)  must  be  properly  set  up 
for.  the  equal-pressure  ground  mesh,  the  frame  of  the  launch 
tower,  cable  well,  cable  trend,  and  rocket  casing.  The  length  of 
the  grounding  wires  should  be  within  200mm  and  also,  they  should 
be  thick.  Attention  should  be  paid  to  minimizing  the  inductance 
of  the  grounding  wires.  Otherwise,  excessively  long' grounding 
wires  (with  large  inductance)  may  introduce  outer  interference 

or  noise,  unfavorable  for  lightning  protection. 

The  resistance  of  technological  grounding  items  including 
electrical  measurement  and  electrical  control  system,  precision 
electronic  instruments  and  equipment,  electronic  computers,  etc. 
is  required  not  to  exceed  IQ;  the  resistance  of  other  operation 
grounding  is  required  not  to  exceed  4Q;  the  grounding  resistance 
of  the  lightning  protection  tower  is  required  not  to  exceed  lOQ. 

4 .  Moisture-Protective  Measures 

Occasionally,  satellites  are  launched  in  the  thunderstorm 
season  when  the  weather  is  changeable  and  extremely  wet.  Due  to 
the  moisture  as  well  as  the  corrosion  effect  of  harmful  gases. 
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As  a 


the  insulation  resistance  will  decrease  or  even  short, 
result,  direct  or  altei uate  current  leakage  or  cross 


(6)  Cable  well 

electrification  may  happen  (between  cable  shield  covers  and  core 
wires,  or  between  core  wires)  and  bring  about  serious 
consequences . 

Since  the  wet  ground  cables  will  decrease  the  insulation 
resistance,  they  should  be  dried  by  using  an  electrical  air 
blower.  Different  moisture-protective  measures  should  be  taken 


for  different  rocket  sections  as  follows: 

a.  Before  the  fairing  and  satellite  are  mounted,  the  mobile 
working  platform  of  the  launch  tower  functions  as  a  closed  space, 
for  which  air  conditioning  should  be  applied  to  ensure  the 
required  moisture,  temperature  and  cleanliness; 

b.  After  the  fairing  and  satellite  are  mounted,  air 
conditioning  should  be  used  inside  the  satellite  fairing  to 
ensure  the  required  moisture  and  temperature  in  the  instrument 
cabin  of  the  rocket  and  satellite; 

c.  Heated  nitrogen  and  helium  gases  should  be  blown  into  the 
third-stage  hydrogen-oxygen  engine  bay  and  rear  skirt  casing  to 
prevent  blasting  and  moisture; 

d.  Dry  wind  should  be  blown  into  the  first-  to  the  second- 
stage  inter-bay  section  and  the  first-  to  the  second-stage  engine 
bay  through  thick  and  hard  plastic  pipes  so  as  to  prevent 
moisture; 

e.  Outside  the  rocket  cover,  the  cable  bundles  and  plugs 
(sockets)  in  the  low- row  cable  fairings  should  be  wrapped  with 
waterproof  cloth  and  adhesive  tapes; 

f .  The  connectors  should  be  plugged  and  wrapped  with 
waterproof  adhesive  tapes; 

g.  Waterproof  rubber  covers  are  used  for  telemetry  system, 
hydrogen-oxygen  loading  and  discharge  system,  and  the  joints  of 
the  ground  cable  plugging  items; 

h.  The  first-stage  rod  system  should  be  closely  wrapped  with 
tinfoil  cloth  to  prevent  lightning,  moisture  and  rainwater. 


31 


5 .  Rainwater  Prevention  Measures 

Since  rainwater  contains  conducting  ions,  it  can  affect  the 
performance  of  insulation  and  lead  to  leakage  and  cross-coupled 
electricity.  When  long-soaked  in  rainwater  containing  harmful 
gases,  instruments  and  equipment  will  be  corroded,  rusted  or 
damaged,  resulting  in  incalculable  consequences  to  detection  and 
test  flights.  In  this  case,  the  following  rainwater  prevention 
measures  can  be  taken: 

a.  When  rain  is  forecast,  the  mobile  working  platform  of  the 
launch  tower  should  be  enclosed,  and  the  upper  part  of  the  launch 
rocket  should  be  tightly  covered  with  waterproof  canvas; 

b.  Waterproof  rubber  rings  were  efficiently  designed, 
constructed  and  matched  for  the  control -oriented  dropping  plugs 
and  sockets; 

c.  The  joints  of  individual  sections  should  be  sealed  with 
waterproof  adhesive  tapes;  the  overlapping  parts  of  long-row 
fairings,  separating  socket  fairings  and  the  fairings  of  speed 
gyroscopes  should  be  stuck  with  waterproof  adhesive  tapes  or 
waterproof  films; 

d.  The  cable  bundles  inside  the  long  row  fairings  are 
covered  with  nylon  waterproof  covers; 

e.  The  doors,  windows,  and  hatches  of  individual  cabin 
sections  of  the  rocket  should  be  sealed  and  covered  for  their 
upper  parts  so  as  to  prevent  rainwater  from  coming  in; 

f.  The  upper  part  of  the  temporarily  open  cable  fairings, 
the  upper  part  of  separating  plugs  ( sockets ) ,  the  upper  part  of 
the  deplugged  hatches  or  the  upper  part  of  any  openings  should  be 
covered  with  waterproof  films  to  prevent  rainwater; 


g.  All  the  ground  test  equipment,  instruments  and  equivalent 
devices  that  are  placed  on  the  working  platform  of  the  launch 
tower  should  be  covered  with  canvas. or  nylon  films  and  well 
fixed; 


h.  Ground  leaks  and  hidden  wells  should  be  dug  for  drainage 
purposes  in  the  cable  trench  at  the  bottom  of  the  cable  well  of 
the  launch  tower; 

i.  During  fueling,  quilts  and  towels  should  be  used  to  wrap 
up  the  rocket  body  at  individual  bay  sections  (the  third, 
second,  and  first  stages)  to  prevent  the  liquid  generated  due  to 
air  cooling  and  condensation  from  flowing  into  the  rocket. 

6 .  Conclusions 

Despite  the  fact  that  effective  preventive  measures  have 
been  worked  out  to  prevent  lightning,  static  electricity, 
moisture  and  rainwater,  still,  a  great  deal  remains  to  be  done  in 
realizing  all-weather  launches. 

a.  In-depth  study  of  lightning  protection  design  and 
effective  lightning  protection  measures  for  launch  vehicles; 

b.  Study  of  remote-sensing  techniques  for  detecting 
electrical  fields  in  cloud  layers; 

c.  Development  of  small  rocket  detecting  techniques  for 
electrical  fields  in  clouds,  which  is  aimed  to  find  out  the 
relationship  between  the  thickness  of  cloud  layers  and  intensity 
of  electrical  fields; 

d.  Study  and  measurement  of  the  charge  on  the  casing  of  in¬ 
flight  rockets  and  satellites,  the  space  charge  at  the  rear  of 
the  rocket  in  flight  and  the  conductive  performance  of  the  engine 


(both  regular  and  hydrogen-oxygen  high-energy  engines)  flames; 

e.  Study  of  the  relationship  between  the  speed  and  size  of 
the  high-speed  conductor-induced  lightning,  and  the  cloud 
thickness  and  electrical  field  intensity.  The  purpose  of  this 
study  is  to  make  the  conductors  carried  by  small  rockets  induce 
lightning  prior  to  the  rocket  launch  so  that  the  potential 
gradient  in  the  clouds  may  decrease  to  below  the  critical  value, 
which  favors  a  safe  launch. 


HO 
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A  DISASTROUS  EXPLOSION  IN  THE  FORMER  USSR  LUNAR  ROCKET  TEST 

Recently,  a  Russian  TV  station  disclosed  that  a  disastrous 
explosion  happened  on  February  21,  1969,  during  the  first  test 
flight  of  the  huge  lunar  rocket  N1  developed  in  the  former  Soviet 
Union,  killing  91  test  staff  members.  This  accident  was  made 
public  for  the  first  time,  though  there  have  been  occasional 
reports  on  the  development  and  testing  of  the  rocket  N1  in  recent 
years.  This  disastrous  accident  is  one  with  the  highest  recorded 
death  toll  in  aerospace  history  in  the  former  Soviet  Union.  On 
October  24,  1960,  a  similar  accident  took  place  at  the  Baikonur 
Launch  Site,  resulting  in  56  deaths,  including  Wanzhilin,  a 
Soviet  Marshall  of  Artillery.  On  March  18,  1980,  51  people  died 
in  the  explosion  of  a  Vostok  rocket  at  the  Prizhisk  Launch  Site. 

The  rocket  N1  is  a  lunar  rocket  developed  in  the  former 
Soviet  Union  from  the  late  sixties  to  early  seventies. 

Originally,  it  was  designed  to  send  two  persons  to  the  moon,  and 
one  of  them  was  supposed  to  land  on  the  moon.  From  February, 

1969,  to  November,  1972,  the  Soviets  carried  out  four  test 
flights  of  this  rocket  but  all  ended  in  failure.  Then  the  Soviet 
department  concerned  decided  to  cancel  the  rocket  development 
program . 


FRANCE  IS  EXPERIMENTING  WITH  SUBMARINE-LAUNCHED  M45  MISSILE 

Recently,  the  French  Navy  successfully  completed  the  first 
underwater  ignition  test  of  its  M45  submarine- launched  strategic 
ballistic  missile.  Launched  at  the  western  coast  of  France,  the 
missile  flew  23  minutes  and  eventually  landed  in  the  target  area 
near  Andres  Islands  4500km  away.  M45  is  a  modified  version  of  M4 
that  went  into  service  in  1985.  Composed  of  three  stages,  the 
M45  was  developed  by  French  Aeronautics  and  Astronautics  Inc.,  as 
the  prime  contractor,  with  an  investment  of  $800  million.  This 
missile  is  scheduled  to  enter  service  in  March,  1996,  on  four 
French  new-generation  missile  submarines  with  16  missiles  in  each 
submarine . 


BRITAIN  IS  DEVELOPING  HYBRID  ENGINE 


Britain  is  conducting  a  series  of  tests  on  a  solid-liquid 
hybrid  engine  using  its  royal  military  equipment  test  facilities. 
The  aim  of  the  tests  is  to  prepare  this  engine  for  launching  a 
small  300kg  satellite  in  1996.  These  tests  are  undertaken  by  the 
Satellite  Engineering  Research  and  Observation  Satellite 
Technology  Center,  who  are  confident  in  applying  this  engine  in 
small  satellite  orbital  transfer.  This  kind  of  engine  possesses 
a  thrust  41kg  and  adopts  a  solid  incendiary  agent  and  liquid 
oxygen  as  its  propellant.  In  addition,  this  engine  can  be 
restarted  repeatedly. 
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PROGRAM  DESIGN  OF  DEFORMATION 

OF  BALL  BEARINGS  UNDER  PRELOADS 

Zhu  Jianghong 

Beijing  Institute  of  Control  Devices 

ABSTRACT:  Ball  bearings,  as  vital  supporting 
elements ,  are  widely  used  in  inertial  instruments 
( inertial  platform  and  gyroscopes ) .  Deformation 
and  stiffness  of  radial-thrust  ball  bearings 
are  analyzed  and  a  FORTRAN  program  is  written  with 
the  Powell  Optimum  Method.  The  program  can  be  used  to 
calculate  the  deformation  and  contact  stress  of 
various  ball  bearing  arrangements  under  conditions  of 
different  preloads  and  combined  radial  and  axial  combined 
working  loads .  It  provides  the  means  for  analyzing  the 
influence  of  the  different  structural  parameters  and 
loads  on  the  stiffness  of  bearings.  The  experimental 
results  are  coincident  with  those  of  the  theoretical 
calculations. 

KEY  WORDS:  gyroscope  bearing,  deformation,  computer 
programming . 


SYMBOLS 


Dv,  -  diameter  of  balls 

Z  -  n\imber  of  balls 

ao  -  nominal  contact  angle 

Ri  -  radius  of  curvature  of  inner  grooves 

Rj,  -  radius  of  curvature  of  outer  grooves 

fi  -  radius  of  curvature  coefficient  of  inner  grooves 

fo  -  radius  of  curvature  coefficient  of  outer  grooves 

a  -  major  semiaxis  of  contact  ellipse 

b  -  minor  semiaxis  of  contact  ellipse 

E  -  modulus  of  elasticity  of  materials 

i  -  Poisson  ratio 

8i  -  elastic  approach  volume  of  contact  between  balls  and 

inner  rings 

So  -  elastic  approach  volume  of  contact  between  balls  and 
outer  rings 

Ep  -  curvature  svim  function 

F(p)  -  curvature  difference  function 

Fao  -  axial  preload 

So  -  axial  predeformation 

Fg  -  axial  operating  force 

Sg  -  axial  relative  displacement  of  sleeve  gaskets  • 

Fj.  -  radial  operating  force 

Sr  -  radial  relative  displacement  of  sleeve  gaskets 
Q  -  contact  load  between  balls  and  sleeve  gaskets 
So  -  normal  contact  deformation  between  balls  and  inner  and 
outer  races 

Ao  -  distance  between  groove  curvature  centers  of  inner  and 
outer  races  prior  to  loading 

A  -  distance  between  groove  curvature  centers  of  inner  and 
outer  races  after  loading 
Qo  -  maximum  load  on  balls 

a  -  contact  stress 

m  -  number  of  bearing  columns 


a  -  load  on  balls  at  angular  location 
Kn  -  normal  elastic  coefficient 

Ka  -  axial  elastic  coefficient 

Kr  -  radial  elastic  coefficient 

Qi  -  internal  stress  of  j-th  ball 

1 .  Introduction 

As  vital  supporting  elements,  ball  bearings  are  widely  used 
in  inertial  instruments  and  especially  in  inertially  stabilized 
platforms.  Bearings  play  a  part  in  supporting  the  total  weight 
of  the  platform  itself  as  well  as  the  elements  of  inner  and  outer 
rings.  When  the  main  machine  operates  under  a  heavy  overload, 
shock  and  vibrations,  bearings  are  required  to  have  a  rigidity 
large  enough  to  ensure  the  locational  accuracy  of  the  instruments 
on  the  platform.  It  is  for  this  reason  that  preloaded  bearing 
pairs  are  employed  to  increase  the  supporting  rigidity.  However, 
there  has  not  been  any  well  developed  computational  method  in  our 
country  that  can  be  applied  to  calculate  the  deformation  and 
stress  of  preloaded  bearing  pairs.  These  kinds  of  calculations, 
affected  by  many  factors,  can  only  be  realized  through  computers 
instead  of  a  simple  computational  formula. 

Early  in  the  sixties,  T.  A.  Harris,  based  on  the  book  Ball 
and  Roller  Bearing  Engineering  by  A.  Palmgren,  Analysis  of 
Stresses  and  Deflections  by  A.  B.  Jones,  American  Society  of 
Mechanical  Engineers,  and  the  Hertz  contact  theory,  analyzed  the 
rigidity  properties  of  single-column  ball  bearings  under  the 
combined  load  of  radial  and  axial  forces  and  moments. 

In  our  country,  despite  some  bearing  design  documents  that 
provide  approximation  formulas  for  calculating  bearing 
deformation,  these  calculations  are  limited  in  accuracy  because 
they  ignore  the  variation  of  many  factors,  including  contact 


angles.  Therefore,  there  is  an  urgent  need  to  work  out  a 
computer  program  that  includes  the  variation  of  contact  angles 
and  that  can  compute  the  deformation  and  contact  stress  of 
differently  aligned  ball  bearings  under  different  loads.  With 
this  computer  program  it  will  be  possible  to  study  the  effects  of 
various  structural  parameters  and  loads  on  the  rigidity 
performance  of  bearings . 

2.  Theoretical  Analysis  of  Deformation  of  Ball  Bearings 

Here,  we  employ  the  internationally  accepted  hypothesis; 
Bearings  are  stationary  and  slightly  deformed  rigid  bodies  with 
ideal  geometric  forms  which  can  tolerate  constant  loads.  In 
other  words, 

a.  The  deformation  is  caused  by  the  relative  displacement  of 
rigid  bodies  in  the  inner  and  outer  rings; 

b.  The  balls  and  ball  races  have  correct  geometric  forms; 

c.  The  action  of  inertial  force  and  inertial  moment  on  ball 
bearings  can  be  omitted  and 

d.  The  acting  load  remains  stationary  and  unchanged. 

For  convenience  in  analysis,  we  assume  that  the  radial  gap 

er=0 . 

2.1.  Hertz  Equations  of  Deformation 

I 

Deformation  of  ball  bearings  is  computed  on  the  basis  of  the 
Hertz  theory  of  point  contact.  We  assume  that  the  contact 
deformation  of  balls  and  inner  and  outer  rings  obeys  the 
following  formula: 

=  (1) 

where  subscript  i  stands  for  inner  ring,  and  subscript  o  stands 
for  outer  ring. 


Fig.  1.  Distribution  of  stresses  on  ellipse 
contact  surface 


Upon  contact  between  balls  and  ball  races,  a  contact  ellipse 
with  semimajor  axis  a  and  semiminor  axis  b  is  generated: 


I  ' : 


(2) 


where  contact  area  A=itab;  normal  contact  stress  Oh  is  distributed 
in  a  semielliptic  form  in  the  above-mentioned  ellipse  contact 
surface  as  shown  in  Fig.  1. 


(3) 


The  contact  stress  reaches  its  maximum  value  at  the  center 
of  the  ellipse: 
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The  contact  deformation  of  balls  and  ball  races  is: 
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In  Eqs.  (2)  and  (5),  coefficients  a-,  b-,  S-  are  related  to  the 
geometric  foorms  of  the  contact  body  alone. 


n 
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The  curvature  and  function :  ~  D~^  ~  ^ 

where  the  symbols  in  the  numerator  are  associated  with  the  inner 
ring,  while  those  in  the  denominator — with  the  outer  ring. 

The  coefficient  y=D„cosao/dj, 


Suppose  C=a/b,  then? 

A ..  f'  -  I 

"  Jo  T  -  ■  d<D 

V  I  f  I  “  I  /  r  *  )sin  <1) 

integration  of  the  first  kind. 


is  the  total  elliptic 


g  -  j  >  I  ^  ( I  “  1  /  r  ‘  )sin  ’  < 


is  the  total  elliptic 


integration  of  the  second  kind, 


c,  g,  and  h  can  be  derived  from  the  Hertz  theory,  which  can 
satisfy  the  following  expressions; 

-i 

(C  \  )g  -2h  _  f~  1  -t-  V 
(C'-l)g  4-1+^- 

(6) 

When  balls  and  sleeve  gaskets  are  made  of  the  same  material, 
the  ball  bearings  can  satisfy  the  following  expressions  under 
static  load; 


(7) 


£■,  =£:  =  £ 
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From  Egs.  (1),  (5),  and  (7),  the  following  can  be  derived: 
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Since  ^ 
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Q  =  A  s" 
then  "  " 

(10) 

where  ^,  =  |l /(AT,  +  A'J]” 

(11) 

2.2.  Geometric  Equations  of  Deformation 

In  preloaded  radial-thrust  ball  bearings  mounted  face  to 
face,  the  inner  ring  presumably  generates  a  rigid  body 
displacement  6^,  6^  relative  to  the  outer  ring  (the  outer  ring  is 
fixed)  under  the  combined  action  of  and  6^,  the  pre¬ 
deformation  being  as  shown  in  Figs .  2  and  3 .  For  the  first 
column  bearings  with  an  increasing  axial  load  (m=l),  the 
deformation  of  balls  at  the  location  is  shown  in  Fig.  4,  where 
Oi  and  Oo,  respectively,  are  the  groove  curvature  centers  of  the 
inner  and  outer  sleeve  gaskets  prior  to  deformation,  while  Oi  is 
the  groove  curvature  center  of  the  inner  sleeve  gasket  after 
deformation. 

It  can  be  seen  from  Figs.  2-4  that: 

the  axial  component  of  deformation  is  — (-1)"^, 

while  its  radial  component  of  deformation  is 

5  ^  cos<I> 

r  J 


Suppose 


'*0=0  0 
A  =  0  0 

'  n 
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where 


*;  =*. +2nU- l)/r  w-l,  2,  ....  Z) 


(13) 


Where  is  the  location  angle  of  the  j-th  ball,  the  numbering 

being  in  the  counterclockwise  direction;  is  defined  as  the 

radial  displacement  angle  of  the  first  ball  relative  to  the 
sleeve  gasket. 


Thus  , 


*8 /</,) 

=  Jd]  +  <i\ 

Then,  the  normal  contact  deformation  between  the  ball  and 
the  inner  and  outer  ball  races  at  location  is 

(15) 
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Fig .  2 .  Schematic  map  showing 
force  and  displacement  of 
preloaded  bearing  in  XOZ  plane 


Fig .  3 .  Schematic  map  showing  location  of  inner 
and  outer  sleeve  gaskets  in  YOZ  plane 
1  -  track  of  groove  curvature  center  of  outer 
ring  2  -  track  of  groove  curvature  center  of 
inner  ring  3  -  track  of  groove  curvature  center 
of  inner  ring  with  radial  displacement  6^. 

0  -  location  of  supporting  axis  center  prior  to 
deformation  0'  -  location  of  supporting  axis  center 
after  deformation 


Fig.  5.  Schematic  map  showing 
the  ball  at  location 
under  balanced  force 


Fig .  4 .  Relative  location  of 
groove  curvature  center 
after  deformation 


2.3.  Overall  Equilibrium  Equations  of  Bearings 


From  Eqs.  (11)  and  (15),  the  following  can  be  derived: 

Q  _  when 

when  /  ^0 

Then  its  axial  and  radial  components  can  be  calculated  from 
Fig.  5; 
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the  overall  equilibrium  equation  of  bearings  will  be: 
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where  m=l  and  2,  respectively,  are  the  first  column  and  second 
column  bearings  of  the  bearing  pair.  Eq.  (19)  is  a  nonlinear 
coupled  equation  with  unknowns  6,  and  6,.  For  the  convenience  of 
solution,  we  assume: 

-ZZC^ 

.^:'^.-ZZe. 

We  define  a  target  function:  >=r- 

It  is  clear  that  the  minimum  point  of  Eq.  (20)  is  the 
solution  to  the  coupled  equation  (18).  In  this  case,  the 
solution  to  (18)  has  been  converted  to  the  one  to  the  minimum 
value  of  function  F.  Mathematically,  there  are  quite  a  number  of 
solutions  to  the  extreme  values.  Since  the  target  function  is  a 


(19) 

(20) 
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secondary  function  that  cannot  be  solved,  we  employ  the  Powell 
optimum  method  to  solve  the  minimum  point  of  F. 

3.  Program  Design  for  Deformation  of  Ball  Bearings  and  Its 
Calculations 

The  foregoing  analysis  of  ball  bearing  deformation  theory 
suggests  that  generally  the  deformation  and  stress  of  bearings 
and  especially  the  deformation  of  preloaded  bearings  under  the 
action  of  combined  forces  cannot  be  calculated  using  an  explicit 
function  formula.  Hence,  numerical  computation  methods  based  on 
computers  must  be  applied.  We  selected  the  Powell  optimum  method 
in  consideration  of  the  characteristics  of  bearing  deformation 
and  the  established  target  function. 

The  process  of  solving  the  deformation  is  as  follows: 

a.  Given  initial  values  S^o  and  Sj-o* 

b.  Optimizing  these  values  with  the  Powell  method,  i.e., 
comparing  the  function  values  of  several  randomly  selected  points 
and  finding  out  a  direction  which  approaches  the  optimal  point  to 
obtain  a  new  set  of  6^1  and  S^i. 

c.  Repeating  the  foregoing  process  continuously  until  the 
target  function  F  satisfies  and  Sj.  with  the  given  precision. 


1 


turn.  • 


Fig.  6.  Block  diagram  of  Powell  optimum  program 
#  is  target  function,  =  +  and  X  are  the 

initial  values  and  ITER  is  the  control  parameter 
of  the  iterative  function;  IMOS  is  input  parameter,  the 
permitted  largest  nximber  of  large  cycle  inguiries ; 

£2  is  the  input  parameter,  the  computational  precision  of 
the  variables;  is  the  input  parameter,  the 
computational  precision  of  the  target  function. 


[KEY  to  Fig.  6] 

1  -  Given  the  initial  value  [...]/  number  of  dimensions 
n,  and  computing  [...]  2  -  Computing  Ap=[...]  3  -  One¬ 

dimensional  optimum  inquiry,  computing  k,  making 
[ . . . ]=minimum  [••.],  obtaining:  [ .  .  .  ]  4  —  Change  inquiry 

direction  [...]  [...]  [•••]  5-  One -dimensional  optimum 

inquiry,  computing  A,  and  making:  [...], 

[ . . . ] =minimum  [...],  obtaining  [  •  .  .  ]  6  -  Terminus 

3.1.  Principle  of  Powell  Optimum  Program  and  Its  Block  Diagram 

Taking  the  advantage  of  an  approximate  conjugation  direction 
for  inquiry  and  judging  the  approach  direction  through  a  direct 
comparison  between  function  values,  the  Powell  method  features 
rapid  convergence,  satisfactory  reliability,  and  procedural 
simplicity. 

The  basic  principle  of  the  Powell  method  lies  in  that  the 
isoline  of  the  binary  function  near  the  extreme  point  can  be 
approximately  regarded  as  an  ellipse.  Two  one-dimensional 
minimum  points  can  be  derived  along  two  arbitrary  parallel 
inquiry  directions  P,  and  P,  ,  through  which  the  straight 
line  connecting  X,  and  A',  passes.  It  can  be  demonstrated 
mathematically  that  the  inquiry  directions  P.  (or  P,  )  and 
P,  are  relative  to  the  Hanson  matrix  conjugation,  i.e., 

P,AP,=o,  Thus,  in  optimizing  the  target  function,  two 
different  points  can  be  found  first,  and  then  one-dimensional 
inquiry  can  be  made  along  the  same  inquiry  direction,  and  the  two 
minimvim  values  derived  from  the  two  inquiries  can  be  connected  to 
form  the  second  inquiry  direction.  Since  the  function  is  not  an 
elliptic  equation  in  a  strict  sense,  but  an  approximate 
conjugation  direction,  the  inquiry  should  go  on  according  to  this 
law  until  convergence. 


55“ 


The  block  diagram  of  optimiam  program  is  shown  in  Fig.  6,  and 
its  principle  is  shovm  in  Fig.  7. 


Fig.  7.  Schematic  map  of  conjugation  direction 
3.2.  Flow  Chart  of  Main  Program  and  Brief  Explanations 

The  flow  chart  of  the  main  program  for  calculating 
deformation  and  stress  is  shown  in  Fig.  8.  In  the  Powell  optimum 
program,  the  routine  used  to  calculate  the  quadratic  sum  and  the 
target  function  F  has  to  be  fetched  repeatedly,  its  block  diagram 
being  shown  in  Fig .  9 . 


Fig. 

KEY: 


8.  Schematic  flow  chart  of  main  program 
1  -  Start  2  -  Editing  geometric  parameters 
of  bearings,  alignment  m,  computational 
precision  Bj  and  62,  inputting  preload 
working  load  F*  and  Fj.,  given  initial  values 
6^0  and  6j.o  3  -  Computing  pre-deformation 
4  -  Solving  overall  equilibrium  equation  of 
bearings  5  -  Fetching  Powell  optimvim  program 
to  solve  for  new  6^  and  6r  6  -  Outputting 
6a  and  6^  and  computing  desired  quantities 
^laaxr  ^^d  Qn  7  -  OutpUt 


SI 


Fig.  9.  Block  diagram  of  target  function 
KEY:  1  -  Computing  contact  angle  aj, 

components  and  and  defoinnation 
Qnj  of  the  J-th  ball  in  the  m-th 
column  bearings  2  —  Is  it  a  single— 
colvimn  bearing? 


3.3.  Calculations  of  Bearings 


The  calculations  of  bearings  are  shown  in  Tables  1-8. 


TABLE  1.  Deformation  Volvtme  of  Single  Bearing  under 
Different  Preloads  Acting  in  Pure  Axial  Direction 


*-^31 

'<1  ; 

.  294 

i 

! 

[  1 

j  392  ‘  490 

! 

588 

1 

t 

686 

i 

784  '  882  980 

i  i 

0 

4.2 

6.6 

8.5 

1 

10.2 

11.8 

13.2 

14.5 

15.8  1  16.9  j  18.0 

98 

D 

D 

9.0 

10.3 

11.6 

12.7  1  13.8 

i 

j  14.9 

196 

5.2 

m 

m 

m 

10.3 

11.4  i  12.4 

13.5 

KEY:  1  -  axial  deformation  2  -  axial  preload 
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TABLE  2.  Relationship  between  Radial  Force  and  Radial 
Deformation  of  Radial-thrust  Bearing  of  the  Same 
Dimension 


?i|ilA(N)  1 

98 

196 

! - i 

294 

392 

588 

686 

784 

980 

1078 

1176 

1274 

I372|1568 

2.6 

4.1 

5.3 

"1 

6.5 

7.6 

8.5 

9.5 

10.3 

12.0 

12.8 

13.5 

14.3 

I5.0jl6.4 

KEY:  1  -  radial  force  2  -  radial  deformation 

TABLE  3.  Relationship  Between  Axial  Force  and 
Contact  Angle  a 
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TABLE  4 .  Relationship  Between  Pure  Axial  Force 
and  Axial  Deformation  of  Single 
Bearing  Under  Different  Contact  Angles 
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KEY:  1  —  axial  deformation  2  —  contact  angle 
3  -  axial  force 

TABLE  5.  Relationship  between  Radial  Force  and 
Radial  Deformation  of  a  Radial-thrust 
Ball  Bearing 
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KEY:  1  -  pure  radial  force  2  -  radial  deformation 


TABLE  6 .  Axial  and  Radial  Deformation  of 

a  Single  Bearing  under  Combined  Load 
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TABLE  7 .  Relationship  Between  Pure  Axial  Force 
and  Axial  Deformation  of  Face-to-Face 
Mounted  ZYS-614  Pair  Under  Different 
Preloads 
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KEY:  1  -  axial  deformation  2  -  radial  deformation 

3  -  axial  direction  4  -  preload  5  -  axial  force 
6  -  radial  force 


TABLE  8.  Deformation  of  Face-to-Face  Mounted 
Bearing  Pairs  Under  Combined  Load 
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KEY :  1  -  axial  deformation  2  -  axial  preload 
3  -  pure  axial  force  4  -  theoretical 
accommodation  curves  and  correlation 
coefficient 

3.4.  Theoretical  Calculations 

The  foregoing  calculations  indicate; 

a.  The  contact  angle  is  a  significant  parameter  of  angular 
contact  ball  bearings .  The  axial  rigidity  of  bearings  increases 
with  increase  in  contact  angle,  and  the  contact  angle  increases 
with  the  increase  of  axial  load. 

b.  For  radial-thrust  ball  bearing  with  equal  to  25°,  its 
radial  rigidity  is  larger  than  its  axial  rigidity,  and  the  ratio 
between  the  two  tends  to  decrease  with  the  increase  of  contact 
angle.  While  in  the  ball  bearings  under  a  combined  load,  the 
ball  under  the  maximum  load  has  a  smallest  actual  contact  angle. 

c.  The  rigidity  of  ball  bearings  is  associated  with  not  only 
the  modulus  of  elasticity  of  the  materials  of  bearing  parts, 
structural  dimension  of  bearings  and  geometric  accuracy,  but  the 
preload  as  well.  Calculations  suggest  that  the  rigidity 
decreases  with  the  increase  of  the  radius  of  curvature 


coefficient  of  inner  and  outer  grooves,  the  decrease  of  the 
preload  and  the  decrease  of  the  number  of  balls.  Of  these 
factors,  the  radius  of  curvature  coefficient  of  grooves  has  the 
greatest  effect. 

4 .  Def  oirmation  Volume  Test 

To  check  the  reliability  of  theoretical  calculations  of  ball 
bearings  and  to  provide  technical  evidences  for  ball  bearings 
pair  matching,  the  following  points  were  discussed: 

(1)  The  axial  deformation  of  C46706  and  ZYS-614  was  tested 
(the  test  method  is  omitted  here),  the  test  results  being  shown 
in  Table  9 . 

(2)  The  radial  deformation  of  C706  bearing  was  tested  (the 
test  method  is  omitted  here),  the  test  results  being  shown  in 
Table  10. 


TABLE  9 .  Axial  Deformation  Test  Results 
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TABLE  10.  Radial  Deformation  Test  Results 
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5.  Comparative  Analysis  of  Program  Calculated  Values 
and  Measured  Values 

A  comparative  analysis  made  between  Tables  1  and  9,  Tables 
2  and  10,  and  Tables  4  and  9  indicates  that  errors  occur  in  both 
calculated  and  measured  values  of  the  radial  and  axial 
deformation  of  C46706  as  well  as  the  axial  deformation  of  ZYS-614 
as  shown  in  Table  10. 

5.1.  Analysis  of  Theoretical  Calculation  Errors 

The  calculations  and  theoretical  accommodation  curves  show 
that  the  relationship  between  deformation  and  load  of  single 
bearings  under  the  action  of  one-directional  thrust  basically 
conforms  to  the  Hertz  theory  of  point  contact  and  contains 
accurate  physical  implications.  To  simplify  calculations, 
simplifying  approaches  were  taken  in  the  calculating  process, 
which,  however,  introduced  errors  in  the  deformation 
calculations.  The  sources  of  these  errors  can  be  summarized  as 
follows : 

(1)  Calculational  assumptions  made  prior  to  deformation: 
such  as  taking  a  sleeve  gasket  as  a  microscopically  rigid  body, 
taking  the  deformation  of  balls  as  a  pure  result  of  the 
displacement  of  the  sleeve  gasket  line,  etc.  These  assumptions 
proved  to  differ  from  the  actual  deformation  of  bearings.  In 
fact,  under  a  large  outer  load,  the  sleeve  gasket  will  also 
deform. 


(2)  It  is  also  provisional  to  believe  that  the  contact 
deformation  of  balls  and  sleeve  gaskets  can  satisfy  Hertz's 
theory,  Q„=KnSn^^^,  such  that  the  materials  of  tangential  objects 
must  be  uniform  and  isotopic;  the  contact  deformation  must  occur 
on  an  extremely  small  contact  surface,  the  contact  stress  should 
not  exceed  the  elastic  limitation  of  materials,  etc.  In 
addition,  the  Hertz  theory  per  se  is  also  an  approximate 
engineering  contact  theory.  When  residual  deformation  is 
present,  the  measured  values  will  be  larger  than  the  calculated 
values . 

( 3 )  Calculations  show  that  the  contact  angle  has  a  larger 
effect  on  axial  deformation.  Since  the  actual  contact  angle  of 
bearings  is  smaller  than  their  nominal  contact  angle,  calculating 
bearing  deformation  with  nominal  contact  angle  (25°)  is  one  of 
the  major  reasons  for  the  errors  in. calculated  and  measured 
values  of  axial  deformation.  According  to  calculations,  if  the 
contact  angle  decreases  by  2°  (other  conditions  being  identical), 
it  will  produce  approximately  15%  of  the  axial  deformation  error 
in  ZYS-614  bearings. 

(4)  Since  the  radial  gap  of  the  ball  bearings  is  omitted  in 
calculations,  the  number  of  loaded  balls  in  theoretical 
calculations  is  larger  than  the  number  of  actually  loaded  balls. 
As  a  result,  the  calculated  values  of  radial  deformation  of  the 
ball  bearings  will  be  smaller  than  its  measured  values. 
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Fig.  10.  Comparative  curves  between  calculated 
values  and  measured  values  of  axial  and  radial 
deformation 

A  -  calculated  characteristic  curve  of  C706  radial 
deformation  B  -  calculated  characteristic  curve  of 
C46706  axial  deformation  C  -  calculated 
characteristic  curve  of  ZYS— 614  axial  deformation 
A'  -  experimental  characteristic  curve  of  C706  radial 
deformation  B'  -  experimental  characteristic  curve  of 
C46706  axial  deformation  C'  -  experimental 
characteristic  curve  of  ZYS-614  axial  deformation. 


5.2.  Analysis  of  Test  Error  Sources 

(1)  When  a  force  is  imposed,  the  eccentricity  of  force,  the 
noncoincidence  between  the  induction  contact  head  and  the  center 
of  the  arbor  as  well  as  the  unevenness  of  the  grounded  plane  will 
emerge  in  combination  despite  the  fact  that  standard  weights  have 
been  employed  to  control  the  eccentricity,  the  contact  head  of 
the  inductance  micrometer  has  been  made  pointing  at  the  center  of 
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the  arbor  as  much  as  possible,  and  the  end  face  of  the  arbor  has 
been  grounded  (with  an  unevenness  less  than  3|im) .  In  this  case, 
the  measured  error  is  within  Sjim. 

(2)  Prior  to  the  axial  deformation  test,  a  preload  force 
should  be  applied  to  completely  eliminate  the  effect  of  the  axial 
play  and  keep  the  balls  and  sleeve  gaskets  in  a  desirable 
contact.  However,  such  a  proper  force  is  hard  to  control 
accurately.  Hence,  the  measured  values  of  deformation  can 
possibly  contain  the  axial  play  and  become  excessively  large. 

(3)  Despite  a  certain  preload  imposed  prior  to  the  axial 
deformation  test,  still,  it  cannot  be  confirmed  whether  or  not 
the  contact  state  of  bearings  agrees  with  that  during  the  contact 
angle  test  conducted  in  the  Axis  Research  Institute. 

Consequently,  the  errors  occurring  in  the  contact  angle  test  will 
certainly  bring  errors  in  the  axial  deformation  test.  In 
addition,  the  contact  angle  provided  by  the  Axis  Research 
Institute  is  also  measured  using  the  approximate  theory  of 
kinematics  and  therefore,  there  will  be  a  difference  between  its 
measured  values  and  actual  values. 

(4)  The  measured  deformation  of  bearings  has  a  range  of  Sum, 
and  the  values  listed  in  tables  are  average  values  of 

Siminf  which  will  cause  a  test  error  no  more  than  3|im. 

5.3.  Analysis  of  Errors  in  Structure  Design  and  Processing 
Accuracy 

(1)  Since  there  is  an  error  between  the  actual  dimension  and 
nominal  dimension  of  various  balls  (the  deviation  of  ZYS-614 
dimension  is  less  than  15|im),  then  if  Dw,  the  actual  value,  is 
smaller  than  its  nominal  value,  the  actual  deformation  will 
increase.  Further,  under  the  action  of  a  certain  axial  force, 
not  all  balls  are  evenly  loaded  because  their  dimensions  may  not 
be  identical.  As  a  result,  the  actual  number  of  loaded  balls  is 
smaller  than  the  theoretical  value,  which  will  make  the  measured 
value  of  deformation  larger  than  its  calculated  value. 
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(2)  During  calculations,  the  balls  and  ball  races  are 
assumed  to  have  the  correct  geometric  forms  in  any  case,  but  in 
fact,  the  curvature  of  grooves  has  a  great  effect  on  the  rigidity 
of  bearings,  and  the  actual  values  of  f^  and  are  larger  than 
the  nominal  dimensional  values,  which  will  cause  the  actual  value 
of  deformation  larger  than  its  calculated  value  to  create  a  big 
error.  In  addition,  deviations  occurring  in  the  dimension  of 
balls  and  the  geometric  forms  of  grooves ,  such  as  undulations , 
ellipticity,  deviation  of  curvature  centers  of  grooves  from 
geometric  centers,  etc.,  will  also  produce  errors  in  measured 
values  and  calculated  values . 

(3)  The  comprehensive  mechanical  performance  of  materials 
and  particularly,  the  uneven  hardening  machining  of  the  contact 
surface  may  cause  fairly  large  errors  in  deformation. 

5.4.  Demonstration  of  Feasibility  of  Program  Calculations 


Basically,  calculations  of  the  FORTRAN  program  designed  to 
compute  the  deformation  of  ball  bearings  using  the  Powell  optimum 
method  prove  to  be  in  agreement  with  the  physical  model  of 
bearing  deformation.  With  this  program,  the  calculated  values  of 
deformation  can  be  considered  to  be  basically  in  agreement  with 
its  measured  values  if  the  following  factors  could  be  excluded: 
measurement  errors  of  contact  angle  a,  deviation  of  groove 
curvatures,  deviation  of  geometric  forms  and  dimensions  of  balls 
and  radial  gaps.  Thus,  this  computing  method  is  believed  to  be 
feasible . 

By  using  this  program,  the  deformation  and  stress  of  single¬ 
column  and  double-column  ball  bearings  operating  under  a  combined 
load  and  maximum  overload  can  be  calculated.  Beyond  this,  it  can 
also  provide  the  means  for  analyzing  the  effects  of  different 
structural  parameters  and  loads  on  the  rigidity  of  bearings 


as 


well  as  provide  fundamental  theoretical  evidence  for  bearing 
model  selection  and  verification. 
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PLATFORM  GIMBAL  DESIGN  AND  MACHINING  TECHNOLOGY 
Liu  Yiwei  and  Chen  Xiaozhong 
Beijing  Institute  of  Control  Devices 

Abstract:  The  platfoirm  gimbal  is  a  key  part  of  a 
stabilized  platform  and  its  machining  technology 
is  the  key  technology  of  inertial  manufacturing 
technology .  Because  of  the  limits  on  dimensions 
and  weight  of  the  platform  structure,  the  platform 
gimbal  must  be  a  thin  shell  part.  Because  of  its 
large  size  and  complicated  shape  during  the  flight 
environment  (overload,  vibration,  impact,  etc.),  it  is 
necessary  to  insure  high  precision,  strength  and 
rigidity  in  order  to  avoid  the  effects  on  the  positional 
accuracy  of  the  stable  member.  This  makes  designing  and 
machining  very  difficult.  In  view  of  the  difficulties 
in  platform  gimbal  design,  manufacturing,  and  flight 
environment  testing,  the  measures  of  ribs,  variable  cross- 
section,  and  E-shape  forging  aluminum  structure  forms  of 
platform  gimbal  were  adopted.  In  this  technology,  new 
fixtures  were  built  to  improve  the  method  of  adjusting 
the  machine  tools  and  the  alignment  scheme  so  that 
conventional  machine  tools  may  produce  high-precision  and 
qualified  products .  It  has  been  shown  in  routine  and 
flight  tests  that  the  measures • adopted  are  correct. 

KEY  WORDS:  Inertial  platform,  aerospace  processing,  design. 
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1 .  Introduction 


A  platform  gimbal  is  designed  to  support  the  platform  body- 
through  the  shaft-end  components  as  shown  in  Fig  1. 


Fig.  1.  Schematic  map  of  three— gimbal  four— axis 
gyro-stabilized  platform 

I  -  amplifier  2  -  angle  sensor  3  -  roll  axis 

4  -  torque  motor  5  -  platform  body  6  -  external 
gimbal  7  —  internal  gimbal  8  —  follow— up  gimbal 
9  “  off— course  axis  10  —  coordinate  con-verter 

II  -  pitch  axis  12  -  off  course  13  -  roll 
14  -  pitch 


The  internal  gimbal,  along  with  its  bearings,  is  used  to 
support  the  total  weight  of  the  platform,  while  the  external 
gimbal,  along  with  its  bearings,  is  used  to  support  the  total 
weight  of  the  components  of  the  internal  gimbal.  Similarly,  the 
bearings  are  used  to  support  the  total  weight  of  the  components 
of  the  follow-up  gimbal  on  the  foundation,  i.e.,  the  platform 
body  supported  by  the  platform  gimbal  system  serves  as  a  stable 
object  of  the  gyro-stabilized  platform  system. 
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The  gyroscopes  installed  on  the  platform  body  are  sensitive 
to  the  angular  displacement  or  angular  velocity  of  the  platform 
body  relative  to  inertial  space,  and  they  function  in  stabilizing 
the  platform  in  inertial  space  through  a  stable  servo  control 
system.  Therefore,  the  coordinate  system  set  up  for  the  platform 
body  is  an  inertial  coordinate  system. 

The  gimbal  system  provides  three  rotational  degrees  of 
freedom  for  the  platform  so  that  the  platform  can  be  isolated 
from  the  angular  motion  of  a  missile  (rocket)  body,  and  the 
inertial  instruments  on  the  platform  can  operate  under 
satisfactory  conditions.  Since  this  platform  is  categorized  as  a 
small-scale  high  precision  platform  whose  entire  spatial 
dimensions  are  limited  to  a  volume  of  O.OSm^,  on  the  one  hand, 
and  to  a  weight  of  25kg,  on  the  other.  Thus,  these  three  gimbal 
rings  are  required  to  be  compact  in  structure. 


For  normal  operation  of  the  gimbal  support  system  in  a 
flight  environment  (overload,  vibration,  impact,  and  the  like), 
i.e.,  for  accurate  positioning  of  the  platform  and  a  minimxim 
offset  of  the  platform  centroid,  the  dimensional  and 
configuration  allowance  of  the  platform  gimbal  can  directly 

affect  the  performance  of  the  shaft-end  components  and  the 
platform. 


As  a  thin— shell  part,  the  platform  gimbal  is  required  to  be 
large  in  configuration  dimensions,  complicated  in  shape,  and 
light  in  weight;  it  is  also  required  to  have  a  sufficient 
rigidity  and  symmetry,  together  with  requirements  for  precise 
matching  dimensional  and  strict  configuration  allowance,  which 
causes  tremendous  difficulties  in  the  design  and  machining  of  the 
platform  gimbal. 

A  great  deal  of  experimentation  on  the  rigidity  of  the 
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platform  gimbal  shows  that  the  rigidity  of  the  internal  gimbal  in 
the  Yfc  direction  and  that  of  external  gimbal  in  the  direction 
is  found  to  be  a  bit  weak  and  that  of  the  follow-up  gimbal  in  the 
Y\  direction  is  weaker  as  well. 

During  system  designing,  to  satisfy  the  dimensional 
requirement  of  the  overall  structure  of  the  platform  and  its 
support  system,  to  meet  the  requirements  of  equal  rigidity  and 
good  technology  based  on  a  bearing  analysis,  and  to  overcome  the 
shortcoming  in  that  overly  large  dimensions  of  the  platform 
gimbal  may  cause  a  weaker  rigidity  and  severe  deformation  during 
machining,  we  adopted  the  measures  of  ribs,  variable  cross- 
section,  and  E-shape  forging  altiminum  structure.  Also,  we  took 
approaches  such  as  increasing  the  coplanarity  of  the  positioning 
surfaces  and  satisfying  the  requirements  of  the  gimbal  machining 
fixtures.  As  a  result,  the  overall  rigidity  was  strengthened 
without  affecting  the  overall  spatial  dimensions,  and  eventually, 
some  problems  arising  during  the  platform  gimbal  rigidity 
experiments  and  processing  were  solved,  and  this  technology 
gained  a  significant  improvement. 

Moreover,  during  the  production  period,  the  fixtures  are  apt 
to  deform  because  the  platform  gimbal  is  a  thin-shell,  light  and 
complex  component.  Hence,  it  is  difficult  to  control  the 
dimensional  and  configuration  allowances  during  machining. 

In  fact,  spare  parts  of  its  kind  still  have  to  be  machined  with 
conventional  machine  tools,  which  has  proved  to  be  challenging. 

To  cope  with  this  obstacle,  we  proposed  both  efficient  and 
applicable  solutions  such  as  newly  designed  fixtures,  adjustment 
methods  for  improving  the  machine  tools,  as  well  as  a  machining 
alignment  scheme,  etc.  With  the  implementation  of  the  foregoing 
technological  improvements,  the  stability  and  reliability  of  the 
platform  gimbal  machining  performance  were  substantially 
improved,  and  the  high  precision  and  complicated  thin  shell 
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components  can  be  produced  on  conventional  machine  tools. 


With. all  these  approaches,  the  rationalization  of  the  design 
was  confirmed,  and  on  the  other  hand,  the  technical  difficulties 
in  technology  were  overcome,  contributing  to  the  manufacturing 
technology  of  inertial  devices. 


Technological  Regulrementa 


2 . 1  Structural  Features 


(1)  There  are  two  pairs  of  holes  on  the  platform  girabal,  of 
which  one  pair  of  large  holes  on  axis  I-l  are  used  to  mount  the 
stator  base  of  the  shaft-end  components;  the  pair  of  small  holes 
on  axis  II-ii  are  used  to  install  the  rotor  base  of  the  shaft-end 
components;  and  these  two  pairs  of  holes  are  mutually  orthogonal. 
Also,  the  three  gimbals  of  the  platform  are  the  same  in  their 
basic  structure  except  for  the  difference  in  their  configuration 

dimensions.  The  structure  of  the  follow-up  gimbal  is  shown  in 
Fig .  2 . 


Fig.  2.  Structure  of  follow-up  gimbal 


(2)  The  open  gimbal  structure  was  adopted,  which  can  be  used 
to  achieve  instrument  interchanges,  accuracy  adjustment  as  well 
as  platform  maintainability. 

(3)  The  platform  is  the  base  of  the  missile  body  inertial 
coordinates .  For  the  platform  gimbals  to  support  the  platform, 
the  gimbals  are  required  to  possess  enough  rigidity  as  well  as  a 
symmetrical  structure  to  eliminate  and  reduce  unequal  elastic 
interference  moments  of  force. 

(4)  The  shaft-end  components  are  installed  at  the  two  ends 
of  the  platform  gimbal.  In  this  case,  there  are  stringent 
requirements  for  matching  dimensional  and  configuration 
allowances,  which  otherwise  will  directly  affect  the  performance 
of  the  shaft-end  components.  Likewise,  the  normal  operation  of 
the  shaft-end  components  must  be  assured  in  the  platform  gimbal 
system  (overload,  vibration,  impact,  etc.)  in  a  flight 
environment.  The  strength  and  rigidity  of  the  platform  gimbals 
must  be  high  enough  to  reduce  the  elastic  deformation  of  overload 
conditions  so  that  the  structural  line  deformation  of  the 
platform  gimbals  under  a  force  of  5g  is  no  greater  than  0.15mm. 

(5)  When  in  service  and  when  in  stowage,  the  platform  must 
retain  stable  precision.  To  be  tested  in  a  comprehensive 
environmental  experiment,  the  precision  and  stability 
requirements  of  the  platform  gimbals  are  highly  demanding. 

2.2  Technological  Requirement 

(1)  Rigidity  in  the  Xr,  Y^,  directions  should  not  exceed 
0.015mm/go; 

(2)  Perpendicularity  of  end  face  and  installation  hole 
should  not  exceed  0.005mm  with  roughness  no  greater  than 

0 . 4|im; 
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( 3 )  Coplanarity  in  the  four  positioning  surfaces  should  not 
exceed  0.004inin; 

(4)  Coaxiality  of  the  axial  lines  in  the  installation  holes 
from  two  sets  of  shaft-end  components  should  not  exceed  0.01mm. 
And  the  parallelity  of  two  axial  lines  relative  to  the 
positioning  surfaces  should  not  be  over  0.012inm; 

(5)  Perpendicularity  of  the  axial  lines  in  the  installation 
holes  from  two  adjacent  shaft-end  components  should  not  exceed 
0.01mm  (the  outer  ring  of  the  gimbal  should  not  be  over  0.015mm); 

(6)  The  allowance  of  the  length  dimension  should  be  strictly 
designed  to  comply  with  the  IT6  standard.  And  the  allowance 

of  the  two  pairs  of  holes  is  required  to  reach  the  ITS  standard. 

3.  Structural  Forms  of  Platform  Gimbal  and 
Selection  of  Materials 

The  platform  gimbal  serves  as  a  principal  element  in  the 
platform.  It  supports  the  platform  through  shaft-end  components. 
The  gimbal  system  can  be  isolated  from  the  angular  motion  of  a 
missile  body  to  ultimately  make  the  platform  stable  in  the 
inertial  space. 

3.1.  Structural  Forms  of  Platform  Gimbal 

The  platform  gimbal  as  a  bearing  element  in  supporting  the 
platform  can  be  divided  into  two  categories  structurally:  frame 
gimbal  and  spherical  gimbal,  of  which  the  latter  is  believed  to 
have  a  better  bearing  capacity.  However,  the  inertial 
instruments  on  the  platform  must  be  precisely  adjusted  and 
interchanged  as  required.  It  is  cximbersome  for  the  instruments 
with  a  closed  structure  to  go  through  the  interchange. 

Therefore,  the  four-axis  platform  gimbal  is  designed  with  a  thin- 
shell  gimbal  structure— —a  gimbal  with  ribs,  variable  cross- 
section,  and  E-shape  structure. 
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Fig.  3  compares  several  different  gimbal  models  applied  both 
domestically  and  abroad.  Gimbal  model  A  adopts  forging  aluminum 
alloy  LY12  with  an  open,  lightweight  and  easily  routed  structure. 
Models  B  and  C  adopt  casting  aluminum  alloy  LYlll  with  a  large 
spatial  volume;  of  these,  model  C  is  easy  to  be  routed,  but  model 
B  is  not.  Finally,  model  D  is  an  American  II  civilian— oriented 
cross-sectional  structure. 
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Fig.  3.  Comparison  among  different  gimbal  models 
KEY:  1  -  gimbal  forms,  cross-sectional  form 

2  -  thin  shell  rib  ring  3  -  hollow  ring 
4  -  thin  shell  ring  5  -  hollow  ring 

3.2.  Selection  of  Material  for  Platform  Gimbal 

Generally  speaking,  the  beryllixim  alloy  and  the  aluminiun 
alloy  make  a  suitable  material  for  platform  gimbal;  of  these  the 
beryllium  alloy  has  a  better  performance.  However,  since  the 
beryllium  alloy  costs  more  and  its  technological  conditions  are 
limited  at  present,  we  tend  to  select  the  forging  aluminum  and 
casting  aliiminum  alloys  as  materials  for  the  gimbal  structure. 

Compared  with  the  casting  alvuninum  alloy,  the  forging 
aluminum  alloy  has  a  higher  rigidity  ratio  and  strength  ratio  and 
has  good  mechanical  performance.  Thus,  we  chose  the  forging 
alvuninum  LY12  with  higher  "elastic  module /density  ratio  and  yield 
strength/density  ratio"  for  our  platform  gimbal. 

Although  the  casting  alvuninvun  platform  gimbal  needs  less 
machining,  we  still  selected  the  forging  alvuninvun  because  its 
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crystalline  structure  is  stable  so  that  it  can  avoid  some 
defects,  including  thermal  stress,  blowholes,  looseness,  and  sand 
holes,  which  may  affect  the  quality  of  the  gimbal  and  even  cause 
the  gimbal  to  break  down,  affecting  platform  stability.  In  any 
case,  compared  with  the  casting  aluminxam  AL201  chosen  for  other 
gimbal  models  in  China,  we  are  proud  to  say  that  the  forging 
aluminum  we  chose  has  obvious  superiority. 

4.  Problems  in  Manufacturing  and  Routine  Tests  of 
Platform  Gimbal  and  Improvement  Measures 


4.1.  Problems  of  Platform  Gimbal 


With  its  large  configuration  dimensions,  complex  structure, 
thinness,  and  easy  deformability,  the  platform  gimbal  is 
difficult  to  machine.  If  the  fixture  is  machined  improperly,  the 
mass-produced  items  may  become  useless  because  of  dimensional 
errors.  Obviously,  this  can  lead  to  great  economic  losses. 

Hence,  no  matter  whether  the  parts  are  machined  on  conventional 
machine  tools  or  in  a  transfer  center,  the  numerous  problems 
mentioned  above  should  be  solved. 

(1)  The  fixture  of  the  platform  gimbal  was  found  to  be 
greatly  deformed  during  machining,  or  the  parts  were  observed  to 
wobble  during  machining. 

(2)  The  platform  gimbal  satisfied  the  allowance  requirements 
while  located  on  the  machine  tools  during  machining.  But  when 
they  were  removed  from  the  machine  tools,  the  dimension 
allowances  change  greatly,  revealing  poor  stability. 

( 3 )  The  rigidity  of  the  platform  gimbal  and  the  rigidity  of 
the  follow-up  gimbal  in  the  Xp  direction  were  found  to  be  weaker 
during  the  overload  rigidity  test. 
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4.2.  Improvements  in  Platform  Gimbal  Design 


Fig.  4.  Follow-up  ring  diagram 
KEY:  1  -  Two  sets  2  -  Two  sets 

The  above-mentioned  problems  in  designing  the  platform 
gimbal  are  expected  to  be  solved  provided  that  the  overall 
spatial  dimensions  of  the  platform  and  the  structural  scheme 
remain  unchanged.  In  addition,  the  stability  and  reliability  of 
the  platform  system  should  be  assured,  which  is  held  to  be  a 
crucial  point  in  the  system  design. 

To  overcome  this  hurdle,  the  major  point  is  to  ensure  the 
strength  and  rigidity  of  the  platform  gimbal  through  ribs  and 
variable  cross-section  form  in  the  radial  and  axial  directions  so 
that  the  requirement  of  rigidity  under  the  overload  condition 
could  be  met,  the  machining  technology  could  be  upgraded  and  the 
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requirements  of  rigidity  and  strength  during  the  flight  could  be 

satisfied.  The  major  improvements  should  be  made  in  following 
aspects : 

(1)  The  ribs  should  be  added  near  the  positioning  surface 
(four  ribs  should  be  added  to  the  internal  and  external  gimbals, 
and  eight  to  the  follow-up  gimbal).  As  a  result,  the  overall 
rigidity  can  be  strengthened  and  the  fixture  deformation  and  part 
wobbling  during  machining  can  be  solved. 

(2)  The  variable  cross-section  should  be  adopted  to 
strengthen  the  rigidity  in  the  direction  where  the  rigidity  is 
weaker  without  changing  the  platform  gimbal  structure  form. 

(3)  The  coplanarity  precision  in  the  four  positioning 
surfaces  should  be  enhanced  to  reduce  deformation  in  the  fixture 
and  improve  machining  stability. 

The  improvements  can  be  seen  in  the  circle  shown  in  Fig.  4 
of  the  follow-up  ring  diagram. 


Experimental  results  indicated  that  the  design  of  platform 
gimbal  can  meet  the  overall  precision  requirements  of  the 
platform,  and  the  design  is  quite  logical.  Clearly,  the 
technology  proved  to  be  much  more  efficient  after  the 
improvements  were  made  and  the  problems  previously  existed  in  the 
design  were  actually  literally  solved. 

4.3.  Improvements  in  Machining  Technology  Applied 
in  Machining  the  Platform  Gimbal 

Application  of  the  platform  gimbal  machining  technology 
appeared  to  be  very  difficult  and  there  were  some  problems 
occurring  during  the  machining.  We  analyzed  the  causes  of  the 
platform  gimbal  defects  in  attempting  to  discover  the  source  of 
the  defects.  Eventually,  we  found  the  problems  to  lie  in  the 
machining  technology.  Then  we  found  a  practical  and  reliable 
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technology  solution  based  on  the  structural  features  of  the 
parts . 

4.3.1.  Improvements  in  Fixtures 

The  platform  gimbal  showed  obvious  deformation  during  the 
mounting  of  the  manufacturer-designed  fixtures  and  the 
positioning  linkage  fixtures.  Specifically,  the  axial  lines  of 
the  two  holes  showed  displacements  and  strangely,  the  dimensional 
and  configuration  allowances  of  the  platform  gimbal  met  the 
requirement  of  machining  on  the  machine  tool,  but  somehow 
deformed  when  they  were  taken  off  the  machine  tool. 

The  newly-designed  fixture  adopted  a  point  contact  form.  It 
was  tightly  clamped  on  the  ribs  of  the  platform  gimbal  with  a 
holding  board  so  that  the  platform  was  under  an  even  and  stable 
force.  During  the  tightening  process,  a  dial  gauge  can  be  used 
to  monitor  the  process  so  that  the  platform  gimbal  deformation 
can  be  reduced  to  the  minimum,  and  the  stability  of  machining 
precision  can  be  ensured.  The  new  fixture  is  not  a  linkage 
holding  device,  and  it  can  isolate  the  fixity  from  positioning  so 
as  to  eliminate  fixity  error. 

4.3.2.  Machine  Tool  Adjustment  Method 

During  the  previous  operation,  the  center  of  the  rotary 
table  was  made  to  coincide  with  the  center  line  of  the  principal 
axis,  and  the  graduations  were  made  with  the  scale  of  the  rotary 
table.  However,  since  the  errors  in  the  rotary  table  graduations 
were  reflected  many  times  on  the  configurational  shape  allowance 
of  coaxiality  and  symmetry  of  the  pairs  of  holes,  these  indexes 
always  overshot  the  limits. 

Through  improvements,  the  center  of  the  rotary  table  and  the 
center  of  the  principal  axis  can  be’ad justed  to  within  0.001mm, 


and  these  adjustments  are  repeated  during  the  fine  machining. 
Moreover,  a  high-precision  tetrahedral  meter  was  used  as  the 
9^®^^^tion  standard  for  revolutions ,  and  the  photoelectric 
collimator  was  employed  for  alignment  to  enhance  the  revolution 
precision  of  the  rotary  table.  Eventually,  the  coaxiality  of  the 
two  holes  and  the  verticality  of  two  axial  lines,  as  well  as  the 
symmetry  of  the  platform  gimbal  were  all  able  to  meet  the 
requirements  specified  on  the  blueprints. 

4.3.3.  Adjustments  of  Cutting  Tool 

Originally,  the  end  face  on  the  platform  gimbal  became 
either  convex  or  concave  from  time  to  time,  and  the  verticality 
between  the  end  face  and  holes  always  exceeded  the  limits . 
Additionally,  the  clamping  chuck  of  the  boring  cutter  was  found 
to  be  a  problem,  i,e.,  the  cutting  angle  of  the  cutting  tool  was 
improper .  This  was  improved  after  appropriate  measures . 

4.3.4.  Technology  Arrangement 

Two  stable  machining  procedures  were  added.  As  required, 
one  fine  forging  procedure  was  added.  In  particular,  liquid 
nitrogen  stable  machining  was  introduced  prior  to  the  fine 
machining,  which  showed  good  results  and  increased  the  stability 
of  the  material. 

Beginning  with  semi-fine  machining,  a  limited  amount  of 
cutting  was  adopted,  which  prevented  deformation  caused  by 
excessive  cutting. 

Arrangements  were  made  for  the  hole  machining  order,  i.e., 
the  thread  hole  was  machined  first,  followed  by  the  face-to-face 
bore  hole  machining. 


The  comparison  between  the  platform  gimbal  precision  before 


and  after  the  improvements  can  be  seen  in  Fig.  1. 

5.  Conclusion 

Through  the  above-described  measures,  the  problems  of  the 
platform  gimbal  were  solved,  as  confirmed  by  manufacturing 
practice,  routine  tests,  as  well  as  by  flight  carrier  tests. 

This  shows  that  our  improvements  were  found  to  be  efficient  and 
well  organized.  Incorporated  with  the  manufacturing  practice,  an 
applicable  technology  scheme  was  finally  developed,  to  satisfy 
the  overall  precision  requirements  of  the  platform  gimbal. 

The  parts  of  the  thin-shell  platform  gimbal  attained  the 
100%  standard  on  conventional  machine  tools,  which  ensures  the 
cost-effective  operations  in  the  plant.  Also,  the  short  supply 
of  wires  during  production  was  solved,  and  the  overall  progress 
schedule  of  the  platform  manufacture  can  be  guaranteed. 

The  new  technology  scheme  overcame  the  technical  obstacles 
and  is  accredited  as  a  remarkable  technological  breakthrough, 
which  will  stimulate  the  development  of  inertial  device 
manufacturing  technology  and  provide  a  successful  example  for  the 
development  of  similar  products. 


TABLE  1.  Comparison  of  Platform  Gimbal  Precision 
Before  and  After  Improvements 


Comparison 
Detection  items 

detection  Before 

improvement  s 

After 

improvement  s 

#90  hole  coaxiality  0.01 

0.063 

0.005 

Verticality  of 
#90  hole  axial  line 
and  #62  hole  axial 
line  0.015 

0.053 

0.0025 

Parallelity  of 

#90  end  face  and 

#62  hole  axial  line  0.01 

0.07 

0.002 

Parallelity  of  #62 
end  face  and  #90  hole 
axial  line  0.01 

0.024 

0.004 

Verticality  of  #90 

end  face  and  C  face  0.005 

0.005 

0.008 

Verticality  of  #62 

end  face  and  C  face  0.005 

0.005 

0.001 

Symmetry  of  #62 
end  face  and  #90  hole 

0.02 

0.01 

Symmetry  of  #90 
end  face  and  #62  hole 

0.02 

0.02 

Verticality  of  #62  end 
face  and  its  axial  line 
0.005 

0.005 

0.008 

Verticality  of  #90  end 
face  and  its  axial  line 
0.005 

0.005 

0.003 

#62  hole  dimension  #62'^°'°^° 

#62.008 

#62.003 

#90  hole  dimension 

#89.973 

#90.004 

Comparison 

detection  Before 

After 

Detection  items 

imorovements 

imorovements 

312  dimension  312o,o32 

312.1 

311.87 

230  dimension  230.o.o29 

229.77 

229.085 

Coplanarity  of  four 
raised  faces  0.004 

0.004 

0.002 
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ABSTRACT:  Research  progress  of  designing  radar- 
absorbent  material  composites  (RAM  composites) 
over  a  wide  band  is  introduced.  The  methods  of 
designing  radar-absorbent  structure  (RAS)  and 
the  design  results  of  thin  RAM  composites  and 
hybrid  RAM  composites  are  stressed. 

KEY  WORDS:  Stealth  material,  structural  materials, 
broadband . 

1 .  Introduction 

Structural  wave-absorbent  material  and  wave-absorbent 
coating  material  combined  are  referred  to  as  stealth  material  or 
radar-absorbent  material  (RAM).  Compared  with  radar-absorbent 
coating  material,  the  structural  radar-absorbent  material  not 
only  can  effectively  absorb  radar  waves,  but  also  is  a 
sophisticated  composite  material  which  can  be  directly  used  to 
make  aircraft  structural  members.  Practically  speaking, 
structural  radar-absorbent  material  has  already  been  considered 
as  a  leading  direction  in  the  development  of  contemporary  stealth 
material[l] . 


While  applied  in  constituting  structural  members,  structural 
radar-absorbent  material  is  not  restricted  by  thickness  as  is 
radar-absorbent  coating  material,  and  allows  a  certain 
flexibility  in  designing  the  electrical  structure  of  the 
material.  Theoretically,  it  can  more  easily  solve  the  broadband 
absorption  problem[2]. 

However,  to  meet  the  required  load-bearing  capacity  of  the 
structure,  designers  have  to  consider  the  composition  of  the 
bearing  components  in  the  material  structure,  yet  the  load- 
bearing  components  usually  do  not  have  the  wave-absorbing 
function  and  thereby  can  restrict  the  design  of  the  composition 
of  wave  absorbing  components.  Hence,  in  designing  the  structure 
of  structural  radar-absorbent  material,  it  is  necessary  to 
satisfy  both  the  requirements  of  wave  absorption  performance  and 
requirements  of  mechanical  performance,  which  is  extremely 
difficult  and  complex. 

In  terms  of  the  structure  of  material,  structural  radar- 
absorbent  material  can  be  roughly  divided  into  two  types ;  thin 
structural  radar-absorbent  material  and  sandwich  structural 
radar-absorbent  material[4].  The  absorption  mechanism  of  thin 
structural  radar-absorbent  material  is  medium  loss,  while  the 
absorption  of  the  sandwich  material,  which  is  greater  in 
thickness,  is  based  on  the  harmonic  oscillation  mechanism. 
Comparatively  speaking,  the  former  possesses  a  higher  strength, 
while  the  latter  can  more  easily  realize  broadband  absorption. 

The  design  of  broadband  radar  absorbing  structure  basically 
focuses  on  these  two  structural  materials. 

The  power  reflection  coefficient  R  (measured  in  dB)  is 
generally  accepted  as  the  criterion  for  the  absorption 
performance  of  material.  Apart  from  the  thickness  of  material, 

R  is  mainly  determined  by  the  electromagnetic  parameters 
(dielectric  constant  and  permeability)  of  material[5].  In 
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contrast,  the  thickness  and  electromagnetic  parameters  are  just 

the  core  elements  in  the  design  of  broadband  radar-absorbent 
material . 


Based  on  years  of  design  practice,  this  paper  attempts  to 
depict  an  overall  picture  of  the  achievements  achieved  in 

designing  the  broadband  radar-absorbent  structure  of  structural 
radar-absorbent  material . 

2.  Methods  of  Designing  Radar-absorbent  Structure  of  Material 

Radar-absorbent  structure  refers  to  the  electromagnetic 
parameter  structure  of  material,  which  absorbs  radar  waves, 
whereas  absorbent  material  with  a  lamellar  structure  refers  to 
the  composition  of  the  electromagnetic  parameters  of  each  layer 
and  the  thickness  of  material.  According  to  the  theory  of  the 
transmission  lines  of  electromagnetic  waves  in  media, 
mathematical  models  of  radar-absorbent  structure  and 
absorption  performance  can  be  built. 


Fig.  1.  Schematic  map  showing  incidence  of 
electromagnetic  waves  in  multilayer  radar- 
absorbent  material 


KEY:  1  -  free  space  2 
wave  3  -  surface 
5  -  second  layer 
7  -  floor 


-  incident  electromagnetic 
layer  4  -  i-th  layer 
6  -  bottom  layer 


As  shown  in  Fig,  l,  we  assume  that  an  electromagnetic  beam 
vertically  transmits  from  free  space  into  an  radar-absorbent 
material  with  a  multilayer  structure.  On  the  interface  between 


the  free  space  and  the  material,  the  reflectivity  of  the 
electromagnetic  wave  R  can  be  expressed  as : 


R  =  20lg!rf 

Z  -  1 

r  = 


Z  +  I 


Z  +  f?  ihiiKd  n  ) 

^  ^  I  ”  I  .  )  0  <  I 
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where  Zi  is  input  impedance  of  the  i-th  layer  „  =  / ^  ^ 

111  is  intrinsic  impedance,  (r  is  normalization) 

n^  is  the  index  of  refraction  n  ^  J7~u  • 

Kq  is  number  of  waves  in  free  space 
fio  is  dielectric  constant  of  free  space 
4o  is  permeability  in  free  space 
di  is  thickness  of  material  (mm) 
f  is  frequency  (GHz) 

is  composite  dielectric  constant 
|ipi  is  composite  permeability .  Z',,  * 


=  c  -« 


The  above  formula  indicates  that  the  electromagnetic 
parameters  and  thickness  of  each  layer  of  material  are  related  to 
the  radar  absorption  performance  R.  Thus,  the  optimum  parameters 
of  the  radar-absorbent  structure  of  the  material  can  be  designed 
based  on  the  requirements  of  reflectivity  R.  Obviously,  such 
kind  of  optimum  design  can  be  realized  only  with  computer 
software. 


The  basic  design  method  signifies  that  the  optimized  initial 
conditions  and  the  result  of  the  design  are  both  imaginary 
parameters .  In  our  country,  this  method  is  basically  used  to 
design  the  structural  radar-absorbent  material[ 2,5,6] .  At 
present,  the  related  software,  with  complete  functions,  can 
optimize  the  electromagnetic  parameters,  thickness,  and  number  of 
layers  of  the  material  simultaneously  or  individually  under 
different  angles  of  incidence  of  electromagnetic  waves. 


A  remarkable  shortcoming  of  the  basic  design  method  (i.e., 
the  first-generation  computer-assisted  design)  lies  in  the  fact 
that  the  design  can  only  be  conducted  in  a  presumptive  range  of 
electromagnetic  parameters,  and  the  designed  material  parameter 
schemes  can  hardly  be  all  realized.  Therefore,  such  a  method  can 
only  be  used  for  performance  pre-estimation  and  research 
guidance . 

It  is  to  be  noted  that  the  design  of  structural  radar- 
absorbent  material  must  be  based  on  the  parameter  scheme  that  can 
be  realized.  Here,  we  introduce  the  following  two  approaches 
which  are  helpful  in  achieving  this.  goal. 

2.2.  Fully  Automatic  Optimum  Design  Technique 

Taking  advantage  of  the  tested  electromagnetic  parameters  of 
the  structural  radar-absorbent  material,  the  fully  automatic 
optimum  design  technique  is  intended  for  creating  various 
combinations  of  impedance  structure  and  thickness  to  achieve  an 
optimum  design.  This  design  method  relies  on  the  database  of  the 
electromagnetic  parameters  of  the  existing  materials;  the  greater 
the  volume  of  data,  the  more  easily  the  designed  material  can 
satisfy  the  requirements.  In  addition,  the  fetching  of  data  and 
combination  of  data  must  proceed  automatically  with  the  aid  of  a 
computer.  There  are  two  reasons  for  this:  first,  a  large  volume 
of  data  will  produce  numerous  combinations,  too  many  to  be 
accomplished  by  manpower;  secondly,  subjectiveness  and  blindness 
in  artificial  selection  of  material  can  be  diminished.  Fig.  2  is 
a  flow  chart  of  this  design  method. 


<f0 


Fig.  2.  Schematic  flow  chart  of  fully  automatic 
optimum  design 

KEY;  1  -  original  parameter  input  2  -  existing 
data  search  3  -  automatic  parameter 
optimization  4  -  are  conditions  satisfied? 
5  -  yes  6  -  no  7  -  the  end 


At  present,  this  method  has  been  well  developed  to  exhibit 
the  capabilities  of  automatically  designing  all  angles  and  all 
parameters.  It  was  with  this  method  that  the  author  of  this 
paper  designed  and  successfully  developed  a  structural  radar- 
absorbent  material  with  R  less  than  -20dB  in  the  broadband  range. 
Actual  measurements  show  that  this  method  can  effectively  guide 
technological  research  into  broadband  structural  radar-absorbent 
material . 
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2.3.  Optimum  Design  of  Microscopic  Structure  and 


Composition 


The  second  design  method  based  on  existing  material 
parameters  is  often  referred  to  as  second-generation  computer- 
assisted  design.  Electromagnetic  parameters  are  properties  of 
material,  which  can  not  only  determine  the  absorption  performance 
of  material,  but  also  reflect  its  microscopic  structure  and 
composition.  It  is  with  the  tested  electromagnetic  parameters  of 
the  existing  fundamental  components  and  their  combination  laws 
that  this  method  can  perform  an  optimum  design  of  material 
composition  and  thickness.  Unfortunately,  there  has  been  no 
report  on  research  done  in  designing  the  microscopic  structure 

and  composition  of  structural  radar-absorbent  material  in  our 
country . 

Generally  speaking,  the  major  factors  that  affect  the 
composition  and  microscopic  structure  of  the  absorption 
performance  of  structural  radar-absorbent  material  include  the 
following;  types  and  content  of  the  fundamental  components  of 
material  (such  as  fiber,  resin,  and  absorbent),  various  forms  of 
components  (grain  size  and  orientation)  and  the  modes  of 
reinforced  fibers,  etc.  Since  the  types  and  orientation  of  resin 
and  fiber  are  part  of  the  design  of  the  mechanical  structure  of 
structural  radar-absorbent  material,  the  design  of  its 
microscopic  structure  and  composition  is  not  pure  design  of  the 
radar-absorbing  structure  of  material,  but  combined  design  of 
both  mechanical  structure  and  absorption  structure  of  material, 
i.e.,  an  integrated  optimum  design  of  the  structural  radar- 
absorbent  material,  which  is  entirely  different  from  and  more 
complex  than  the  design  of  the  radar-absorbent  coating  material. 

2.4.  Analytical  Techniques  of  Radar-absorbent  Material  with 

Multilayer  Structure 

Radar-absorbent  material  with  a  multilayer  structure  is 


superior  to  the  one  with  single-layer  structure  in  terms  of 
absorption  performance.  The  reason  for  this  is  generally 
believed  to  be  the  fact  that  multilayer  material  is  more  easily 
matched  with  free-space  impedance[7-9] .  The  radar-absorbing 
properties  of  multilayer  material  can  be  analyzed  and  interpreted 
using  a  multilayer  medium  equivalent  method.  Specifically, 
multilayer  material  can  be  regarded  as  being  equivalent  to  one 
layer  of  a  single  medium.  The  electromagnetic  parameters  of  the 
equivalent  medium  can  be  calculated  from  the  electromagnetic 
parameters  and  thickness  of  each  layer  of  material,  and  based  on 
this,  the  equivalent  impedance  and  reflectivity  of  material  can 
further  be  calculated. 

the  multilayer  medium  equivalent  method  was  used 
for  the  slotted-line  measurement  of  the  electromagnetic 
parameters  of  material[9].  In  recent  years,  however,  Xiangyuan 
Wang  from  Nanjing  University  was  the  first  to  use  this  method  in 
analyzing  the  absorption  performance  of  radar-absorbent  coating 
material,  and  the  calculations  proved  agree  closely  with  the 
results  of  the  conventional  transmission  line  iterative  method. 

Yet  no  report  was  ever  filed  on  this  kind  of  research  on 
structural  radar-absorbent  material . 

This  paper  applied  the  foregoing  method  in  analyzing  radar- 
absorbent  material  with  multilayer  structure . 

3.  Design  Study  of  Thin  and  Hybrid  Structural 
Radar-absorbent  Materials 

3.1.  Design  Study  of  Thin  Structural  Radar-absorbent  Material 

It  is  extremely  difficult  to  widen  the  radar  absorption  band 
of  thin  structural  radar-absorbent  material,  because  this  kind  of 
material  is  required  to  be  thin.  To  overcome  this  difficulty, 
researchers  in  our  country  conducted  in-depth  studies  and 
obtained  satisfactory  results.  Reference  6  introduces  a  thin 
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structural  radar-absorbent  material  with  R  less  than  -lOdB  on  a 
local  waveband.  This  material,  only  3.1mm  thick,  has  a  single¬ 
peak  absorption  character.  Another  thin  structural  radar- 
absorbent  material  with  R  less  than  -lOdB  on  two  local  waveband 
is  presented  in  reference  10,  which,  5-7mm  thick,  has  a  two-peak 
absorption  character.  Both  these  materials  were  designed  by 
using  the  basic  design  method. 


For  the  thin  structural  radar-absorbent  material,  the  best 
broadband  absorption  characteristics  should  involve  a  broad 
absorption  frequency  band,  two-peak  or  multi-peak  absorption,  low 
reflectivity  and  small  thickness  of  material.  To  achieve  this, 
we  studied  this  material  more  intensively,  with  the  fully 
automatic  design  method  and  acquired  satisfactory  results. 

The  absorption  performance  of  the  thin  structural  radar- 
absorbent  material  results  from  electromagnetic  losses. 
Nevertheless,  material  with  greater  losses  tends  to  have  its 
intrinsic  impedance  closer  to  that  of  a  metal,  which  may  cause  a 
strong  reflection  on  the  front  surface  and  affect  its  broadband 
absorption  performance.  To  solve  this  problem,  a  better  approach 

IS  to  adopt  a  gradual  impedance  structure,  which  produces  less 
reflection. 

It  was  found  out  through  studies  that  the  thin  structural 
radar-absorbent  material  should  be  basically  composed  of  three 
layers.  Since  the  magnetic  loss  and  electrical  loss  generate 
effective  absorption,  respectively,  at  the  low-frequency  end  and 
high-frequency  end  of  the  absorption  band,  there  must  be  two 
kinds  of  losses  contained  in  the  composition  of  the  selected 
material  parameters.  Due  to  the  restriction  of  thickness,  the 
surface  layer  of  the  material  is  required  to  provide  not  only 
impedance  transformation,  but  also  energy  absorption,  to  a 
certain  extent.  Hence,  a  higher-impedance  material  with  a 
certain  loss  was  selected  as  the  surface  layer. 


The  thin  structural  radar-absorbent  material  designed  in 
this  paper  features  a  two-peak  absorption  character,  its 
frequency  band  with  absorption  performance  R  less  than  -lOdB 
being  even  broader,  while  the  thickness  of  the  material  is  only 
3.1mm.  The  typical  R(dB)~F(GHz)  curves  are  shown  in  Figs.  3-5. 
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Fig.  3.  Absorption  performance  curve  of  thin 
structural  radar-absorbent  material  introduced 
in  reference  6 

KEY:  1  -  standard  linearity  figure  2  -  width 
of  frequency  band  3  -  actual  curve 
4  -  theoretical  curve  5  -  start  6  -  end 
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Fig.  4.  Absorption  performance  curve  of  thin 
structural  radar-absorbent  material  presented 
in  reference  10  . 

KEY:  1  -  horizontal  polarization  2  -  measured 
value  3  -  calculated  value 
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Fig.  5.  Absorption  performance  curve  of  thin 
structural  radar-absorbent  material  designed 
in  this  paper 

KEY:  1  -  standard  linearity  figure  2  —  width 
of  frequency  band  3  -  actual  curve 
4  -  theoretical  curve  5  -  start 
6  -  end  7  -  standard  linearity  figure 
8  -  width  of  frequency  band  9  -  actual 
curve  10  -  theoretical  curve  11  -  start 
12  -  end  13  -  waveband  14  —  waveband 


3.2.  Design  Study  of  Hybrid  Structural  Radar-absorbent  Material 


There  are  three  actual  requirements  in  designing  broadband 
absorption  structures,  namely:  a.  incident  radar  waves  must 
penetrate  the  material  instead  of  being  reflected  directly  from 
the  surface  of  the  material;  b.  an  energy-absorbing  mechanism 
must  be  provided  so  that  the  radar  waves  that  penetrate  the 
material  can  be  totally  lost;  and  c.  the  frequency  band  for  radar 
wave  incidence  and  loss  must  be  broadened.  To  satisfy  the 
foregoing  mutually  contradictory  requirements,  the  following  two 
approaches  are  generally  adopted:  one  involves  using  the 
multilayer  structure  design  method,  while  the  other  applies 
material  with  higher  intrinsic  impedance  values .  Either  of  them 
can  be  chosen  depending  on  the  specific  type  of  material. 


Nonetheless,  further  studies  show  that  there  is  still  a 
large  gap  between  free-space  surface  impedance  and  that  of  the 
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thin  structural  radar-absorbent  material.  In  addition,  the 
gradual  impedance  structure  can  improve  impedance  matching 
between  the  material  and  free  space  but  cannot  totally  eliminate 
the  reflectivity  of  electromagnetic  waves  on  the  front  surface 
due  to  the  material.  Also,  absorbents  available  now  are  not  able 
to  ensure  a  better  absorption  performance  of  the  thin  structural 
radar-absorbent  material.  Under  such  a  scenario,  material  with 
higher  intrinsic  impedance  proves  to  be  the  best  choice  for  the 
broadband  absorption  design.  It  is  inevitable,  however,  that  the 
material  with  higher  impedance  can  be  used  only  at  the  cost  of 
increasing  the  thickness  of  the  material.  This  is  because  the 
present  material  with  higher  impedance  can  only  improve  impedance 
matching  but  cannot  feature  loss  absorption. 

Based  on  the  respective  unique  characteristics  of  the  thin 
and  sandwich  structural  radar-absorbent  materials,  a  hybrid  five- 
layer  structural  radar-absorbent  material  was  designed  using 
material  with  a  higher  impedance.  With  high  losses  in  it  per  se, 
this  material  can  not  only  effectively  absorb  the  incident 
electromagnetic  wave  energy,  but  also  ensure  satisfactory  free- 
space  impedance  matching  (the  equivalent  impedance  of  the 
material  is  close  to  1),  resulting  in  a  better  broadband 
absorption  performance.  Compared  with  the  thin  structural  radar- 
absorbent  material,  this  material  not  only  retains  a  better 
mechanical  performance,  but  also  ensures  a  lower  density  of 
material  (d=1.5),  which  is  vitally  important  in  reducing  the 
weight  of  structural  members.  Fig.  6  shows  typical  absorption 
performance  curves  of  the  material . 

4 .  Conclusions 

(1)  The  design  of  broadband  structural  radar-absorbent 
material  has  developed  into  a  macroscopic  and  fully  automatic 
design  and  analysis  technique  instead  of  a  microscopic 
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Fig .  6 .  Absorption  performance  curves  of  hybrid 
structural  radar-absorbent  material 
KEY:  1  -  standard  linearity  figure  2  -  width 
of  frequency  band  3  -  actual  curve 
4  -  theoretical  curve  5  -  start  6  -  end 
7  -  standard  linearity  figure  8  -  width 
of  frequency  band  9  -  theoretical  curve 
10  -  actual  curve  11  -  start  12  -  end 
13  -  waveband  14  -  waveband 


and  manual  one.  The  agreement  between  our  design  and  the  test 
results  suggests  that  this  technique  can  provide  reliable  and 
effective  theoretical  guidance  to  the  technological  study  of 
broadband  structural  radar-absorbent  material. 


(2)  The  thin  structural  radar-absorbent  material  designed  in 
this  paper  with  the  actual  parameter  method  features  a  broadband 
absorption  performance.  This  material,  compared  with  other 
materials  of  the  same  category,  shows  a  remarkable  improvement  in 
reflectivity  and  width  of  absorption  frequency  as  well  as  a 
gradual  impedance  structure. 

(3)  The  hybrid  structural  radar-absorbent  material  designed 
in  this  paper  using  material  of  higher  impedance  features  a  even 
more  satisfactory  broadband  absorption  character  and  still 
retains  the  excellent  mechanical  functions  of  the  thin  structural 
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radar-absorbent  material.  This  material  has  a  discontinuous 
impedance  structure . 
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INDIA  IS  PLANNING  TO  CONSTRUCT  A  SECOND  LAUNCH  PLATFORM 


The  Indian  government  approved  a  program  to  construct  a 
second  launch  platform  at  the  Slihligude  Aerospace  Launch  Center 


in  the  south.  The  costs  of  this  project  are  included  in  the 
1995-1996  national  space  budget.  According  to  this  budget 
scheme,  India  will  carry  out  three  more  test  launches  of  a  polar 
orbiting  satellite  launch  vehicle  (PSLV).  To  date,  two  test 
launches  have  been  made  of  this  rocket.  On  September  20,  1993, 
the  PSLV-Dl  failed  to  send  the  IRS-IE  satellite  into  the  solar 
geostationary  orbit  during  its  first  test  flight.  On  October  15 
1994,  the  second  test  flight  of  PSLV— D2  was  successful.  The 

first  flight  of  the  three  planned  tests  is  scheduled  later  this 
year. 


Also,  India  increased  its  budget  on  the  development  of 
geostationary  satellite  launch  vehicles  (GSLV) .  In  the  new 
fiscal  year  budget,  $1.66  million  (1.4  billion  rupies)  will  be 
allocated  to  the  GSLV,  bringing  its  development  funding  total  to 
as  much  as  9.8  billion  rupies.  The  first  launch  of  this  rocket 
is  scheduled  in  1997.  India  hopes  that  this  rocket  will  send  a 
1500— 2500kg  satellite  into  a  synchronous  transfer  orbit.  In 
1993,  the  United  States  demanded  that  Russia  stop  transferring 
cryogenic  engine  technology  to  India  for  the  reason  that  the 
transfer  would  facilitate  the  development  of  ballistic  missiles 
in  India.  This  affected  India's  development  of  the  GSLV.  When 
Russia  stopped  the  transfer  of  cryogenic  engine  technology,  India 
had  to  increase  spending  on  its  own  development  of  engines .  In 
Fiscal  Year  1995-1996,  the  planned  engine  development  funding  is 
8.91  million  mipies,  bringing  the  total  increase  in  the  funding 
of  engine  development  to  3.5  billion  mipies. 

In  addition,  in  the  1995—1996  budget,  a  certain  amount  of 
spending  is  allocated  to  the  development  of  a  novel  marine  remote 
sensing  satellite. 


BPSK  CARRIER  AND  BIT  SYNCHRONIZATION  TECHNOLOGY 
IN  PRESENCE  OF  DYNAMIC  DOPPLER 

Sun  Dongzhi 

Beijing  Research  Institute  of  Telemetry 

ABSTRACT:  A  BPSK  carrier  and  bit  synchronization 
technology  in  the  presence  of  dynamic  doppler  is 
presented  in  this  paper.  On  the  basis  of  fairly 
simple  digital  hardware  equipment,  the  technology  is 
implemented  by  combining  carrier  synchronization  and 
bit  synchronization  flexibly  through  a  programmable 
digital  signal  processing  software. 

KEY  WORDS:  bit  synchronization,  tracking,  digital 
demodulation,  dynamic  control. 

1 .  Introduction 

In  aerospace  instrumentation  systems,  measurement  and 
control  signals  often  contain  a  larger  doppler  frequency 
difference  and  frequency  change  rate  due  to  the  fast-flying 
instrumentation  targets .  Especially  when  data  modulation  is  low, 
the  signal-noise  ratio  is  also  low.  Therefore,  at  a  low  signal- 
noise  ratio,  it  would  be  difficult  to  quickly  acquire  a  larger 
doppler  difference  and  to  track  the  doppler  frequency  change 
rate . 
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synchronization  and  bit  synchronization  programs 
very  strongly  affect  the  performance  of  coherent  detection. 

There  are  a  large  niomber  of  carrier  synchronization  (including 
acquisition  and  tracking)  and  bit  synchronization  technologies 
and  corresponding  approaches  in  realizing  these  technologies.  In 
older  references  and  equipment  development [ 1-4 ] ,  these  two 
synchronization  technologies  were  occasionally  discussed  and 
designed  separately.  Specifically,  carrier  synchronization 
technology  was  discussed  under  the  premise  that  bit 
synchronization  had  already  been  realized,  while  various  bit 
synchronization  technologies  were  analyzed  either  on  the  basis  of 
carrier  synchronization  or  by  extracting  bit  synchronization 
signals  from  input  signals  with  the  help  of  complex  circuits. 

All  these  will,  particularly  in  a  highly  dyneimic  environment, 
lead  to  even  greater  complexity  of  circuits  so  that  their 
performance  will  be  greatly  restricted. 

To  avoid  the  complexity  of  equipment  structure,  this  paper, 
taking  advantage  of  the  achievements  made  in  the  rapid 
development  of  digital  circuits ,  introduces  a  carrier 
synchronization  and  bit  synchronization  technology  in  the 
presence  of  dynamic  doppler.  Through  a  fairly  simple  digital 
hardware  structure,  this  technology  is  mainly  used  to  perform 
baseband  programmable  digital  processing  of  doppler  signals  using 
a  TMS320C25  high-speed  digital  signal  processor.  In  other  words, 
instead  of  the  hardware  method  formerly  applied  in  engineering, 
this  technology  is  realized  through  software  processing[ 7] .  In 
this  case,  it  can  not  only  improve  system  performance,  but  can 
also  increase  the  reliability  of  equipment  and  reduce  the 
debugging  load. 

Taking  BPSK  signals  as  an  example,  this  paper  systematically 
introduces  the  design  concept  and  fundamental  principles  of  this 
technology  in  terms  of  demodulation. 


2.  Format  of  Input  Signals  and  Hardware  Structure  of  Demodulator 

The  dynamic  doppler  BPSK  intermediate-frequency  signals 
(after  lower  frequency  conversion)  introduced  in  this  paper  have 
the  following  specifications: 

a.  Carrier  center  frequency:  fij=18.5MHz 

b.  Data  code  rate:  fb=10kpbs 

c.  Range  of  carrier  doppler  frequency:  fd=-39~39kHz 

d.  Change  rate  of  carrier  frequency:  fd'^2kHz/s. 

To  realize  baseband  digital  signal  processing,  this  signal 
is  further  subjected  to  lower-frequency  conversion,  forming  two 
cross  routes  I  and  Q,  which,  after  digital  sampling,  are  sent  to 
digital  demodulator  as  shown  in  Fig.  1. 
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Fig.  1.  Baseband  conversion  of  input  signal 
KEY:  1  -  input  signal 

Fig.  1  shows  that  the  center  frequency  of  BPSK  signal  output 
into  the  digital  demodulator  is: 

The  hardware  structure  of  digital  demodulator  is  shown  in 
Fig .  2 .  The  carrier  correlator  in  Fig .  2  is  a  complex 
multiplier,  which  is  used,  in  the  form  of  an  EPROM  look-up,  to 
achieve  digital  correlation  of  input  signal  (fc=93 . 75kH2 )  and  the 
estimated  carrier  frequency.  The  frequency  and  phase  of  the 
input  carrier  signal  are  tracked  through  adjusting  the  output 
frequency  of  the  carrier  NCO.  The  NCO  code  is  employed  to 


control  the  accumulation  length  of  digital  accumulator  and 
accomplish  bit  synchronization  tracking  through  changing  the 
output  frequency  of  the  NCO  code. 
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2.  Hardware  structure  of  digital  demodulator 
1  “  carrier  correlator  2  -  carrier  3  -  code  NCO 

4  -  TMS320C25  digital  signal  processor 

5  -  programmable  algorithm 

( 1 )  Carrier  frequency  acquisition  ( 2 )  Carrier 
frequency  tracking  ( 3 )  Carrier  phase  tracking 
(4)  Bit  synchronization  tracking  (5)  Data 
demodulation  (6)  Series  entrance  input  and  output 


3.  Carrier  Frequency  Acquisition 


There  are  many  methods  for  carrier  frequency  acquisition. 

It  is  well  known  that  the  maximum  likelihood  estimation  (MLE)[4] 
of  unchanged  but  unknown  sinusoidal  wave  frequency  is  actually 
equivalent  to  the  discrete  Fourier  transform  (DFT)  of  the 
received  discrete  data.  It  is  a  good  method  when  the  frequency 
is  relatively  stable.  However,  when  the  frequency  of  the  input 
signal  varies  strongly  with  time  and  there  is  fast  data 
modulation,  this  method  together  with  the  DFT-based  automatic 
frequency  tracking  loop  (0DAFC)[9]  is  even  more  difficult  to 
implement . 

As  for  the  extended  Kalman  filtration  method  (EKF) [9,10,13] , 
the  adaptive  least-squares  method  (ALS) [11,12] ,  and  the  direct 


decision  combined  phase  estimation  method[8],  although  they  can 
rapidly  discriminate  and  estimate  the  parameters  of  highly 
dynamic  signals,  such  as  phase,  frequency,  and  frequency  change 
rate,  they  are  based  on  the  assiimption  that  bit  clocking  is  known 
and  that  data  modulation  has  been  eliminated  as  described  in 
related  references.  In  addition,  these  methods  involve  complex 
calculations,  and  the  related  hardware  circuits  are  difficult  to 
implement.  To  remedy  this  situation,  here  we  introduce  another 
two  methods . 

The  first  method  is  to  divide  the  range  of  carrier  doppler 
frequency  into  several  frequency  intervals .  The  frequency 
interval  Af  must  ensure  that  after  carrier  frequency  is  acquired, 
the  residual  doppler  frequency  difference  will  not  affect  the 
operation  of  the  bit  synchronization  loop  and  is  generally 
designed  as  approximately  Af=fb/20.  Then  these  frequency 
intervals  are  searched  in  order,  and  the  signal  amplitudes  are 
compared  after  correlative  accumulation.  The  maximum  amplitude 
is  taken  as  the  rough  estimate  of  the  carrier  frequency.  Thus, 
carrier  frequency  acquisition  can  be  considered  to  be 
accomplished . 

When  the  carrier  doppler  frequency  has  an  extremely  wide 
range  and  frequency  interval  Af  is  required  to  be  small,  carrier 
frequency  acquisition  takes  a  longer  time.  To  speed  up  carrier 
frequency  acquisition  when  bit  synchronization  has  not  been 
established,  cross  product  frequency  tracking  loop  (CPAFC)[10] 
can  be  used  to  discriminate  the  polarity  of  carrier  doppler 
frequency,  and  rapidly  approach  the  carrier  frequency  of  input 
signal  in  the  step-by-step  mode.  The  second  carrier  frequency 
acquisition  method  can  be  derived  from  the  angle  of  time 
continuity  as  follows . 


The  signal  model  shown  in  Fig.  3  can  be  obtained  from 
Fig.  2. 
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Signal  model  of  digital  demodulator 
KEY:  1  -  input  signal 


In  Fig.  3,  A  is  amplitude  of  input  signal,  is  the 
estimated  value  of  8)d=2Ttfd;  is  integration  time  (accumulative 
length ) .  The  bit  width  Tt  is  required  to  be  an  integral  multiple 
of  Ta,  i.e.,  L*Ta-L>l. 


After  correlative  operations  of  input  signal  and  carrier  NCO 
output  signal,  the  following  can  be  derived: 

A£>(n€xp[/(<.-j^  /  ~  fi)}  ^  j 

where  <■><),  = 


Following 
be  obtained  as 


integral 


sampling, 
.V'(/)d/  =  X 


the  k— th  sampled  data  value  can 

C-„r  filjdr 

(2) 


It  might  be  as  well  to  assume  that  bit  clocking  takes  place 
in  the  k-th  integral  sampling  interval  with  two  adjacent  bit 
symbols  DO  and  D1  as  shown  in  Fig.  4. 
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Fig.  4.  Integral  sampling  (0<A<1) 
KEY:  1  -  integration  interval 
2  -  clocking  error 

When  these  sampled  data  Yj,,  Yk+i,...are  treated  with 
2k“Yk+iYfc‘  ,  the  L  values  of  bit  length  can  be  derived  as 
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The  above  equations  (3)- (5)  show  that  when  lcuderj<jt  ,  the 
imaginary  part  Ira(Zit+i)^  i=l/2...,  l=2  can  be  selected  for  Z^+i/ 
which  can  reflect  the  polarity  change  of  carrier  doppler 
frequency.  For  instance,  for  the  integral  sampling  frequency 
fa-l/Ta=89kHz,  the  polarity  of  ±39kHz  carrier  doppler  frequency 
can  be  discriminated;  at  this  moment,  L=f3/fj^=8. 

Thus,  if  L  values  of  z^+i,  i=0.i,...,  L-1  of  bit  length  are 
treated  with  the  following  formula,  the  polarity  of  frequency 
discrimination  Of  can  be  calculated  as 

L 

<■,  =  ISGN[Im(2^._  )]  =  SGN(cu^7‘J* 


where  SGN[  ]  is  symbolization,  while  Af  can  be  expressed  in  the 
following  formulas:  *  _  or 

rL  .  D0  =  D1  =  D2  * 

^  j  z.-  1.  Z)0#Z)1.  D\^D2  $  £>0  =  Z)I.  Dl  *  D2 
Z-  “2.  Z)0=  Z)2.  D\^  D2 

Thus ,  the  second  method  for  initial  acquisition  of  carrier 
frequency  is  derived. 


The  second  method  is  applied  in  the  examples  illustrated  in 
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this  paper.  Fig.  5  shows  the  realization  of  initial  acquisition 
of  carrier  frequency.  The  integral  sampling  frequency  is 
designed  as  80kHz,  and  the  carrier  frequency  of  input  signal  can 
be  searched  through  step-by-step  frequency  adjustment  at  the  step 
Af=500Hz. 
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Fig.  5.  Initial  acquisition  of  carrier  frequency 
KEY:  1  -  carrier  correlator  2  -  carrier 

3  -  delay  4  -  delay  5  -  step-by-step 
adjustment  6  -  acquisition  detection 
7  -  hardware  8  -  software 


Since  the  carrier  NCO  rapidly  approaches  the  carrier 
frequency  of  the  input  signal  at  the  step  Af=500Hz,  when  the 
carrier  frequency  has  been  acquired,  the  difference  between  the 
two  frequencies  is  less  than  Af.  The  frequency  discrimination 
error  polarity  of  the  carrier  frequency  acquisition  loop  changes 
alternatively,  which  allows  the  detection  of  the  carrier 
frequency  acquisition . 


4.  Carrier  Frequency  Tracking 

Once  carrier  frequency  acquisition  is  achieved,  the 
frequency  difference  between  the  carrier  NCO  and  input  signal  is 
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smaller  than  Af .  The  next  step  is  to  establish  bit 
synchronization.  The  bit  synchronization  loop  described  in  the 
following  section  will  show  that  in  the  process  of  establishing 
^iit  synchronization,  the  input  signal  carries  a  certain  frequency 
change  rate  (acceleration)  due  to  the  high-speed  flight  of  the 
measurement  and  control  target .  For  normal  operation  of  the  bit 
synchronization  loop  and  decrease  the  effect  of  carrier  doppler 
on  the  loop  route,  carrier  frequency  acquisition  has  to  be 
transformed  to  the  frequency  tracking  mode  at  the  same  time  when 
bit  synchronization  is  being  established.  The  frequency  tracking 
loop  adopts  the  route  as  shown  in  Fig.  6.  To  ensure  that  the 
software  has  a  sufficient  time  to  accomplish  bit  synchronization 
and  carrier  frequency  tracking,  the  integral  sampling  frequency 
has  to  be  decreased  from  80kHz  to  30kHz  (three  times  the  bit 
velocity)  in  consideration  of  the  early  and  late  integration  bit 
synchronization  loop. 
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Fig.  6.  Carrier  frequency  tracking  loop 
KEY:  1  -  carrier  correlator  2  -  carrier 
3  -  delay  4  -  delay  5  -  hardware 
6  -  software 


Let  us  briefly  analyze  the  frequency  discrimination 
characteristics  of  the  carrier  frequency  tracking  loop  during  the 
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time  when  the  integral  sampling  frequency  has  decreased  to  30kHz 
and  bit  synchronization  has  yet  to  be  established.  Still,  we 
assume  that  data  transformation  takes  place  in  the  time  interval 
("tk-i/  tk)  as  shown  in  Fig.  4.  Since  the  integral  sampling 
frequency  T«=30kHz=3Tb,  i.e.,  L=3,  our  discussion  is  limited  to 
the  four  adjacent  integral  sampled  values. 

In  the  carrier  frequency  tracking  loop,  6deTa«l  and  0<A.<1. 
Hence,  Eqs.  (3)-(5)  can  be  simplified  as: 
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For  bit  length,  the  frequency  discrimination  error  is 
-SGNIZ^J  +  Z.^,,,  .SGN[Z,^,„}  +  2.„.„  .SGN(Z.„.,,] 

+(1  +  (DODl  -  l)A(3-A)/2]*  SGN[1  +  (DODl  -  1)A) 

+  (1  +  (DID2-  l)(l  -  A)(2  + A)  /2)  •  SGN]!  +  (D1D2-  1)(1  -  A)]} 


Obviously,  if  bit  data  transformation  does  not  happen,  i.e., 
D0=D1=D2, 

(14) 
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When  bit  data  transformation  happens: 
a.  When  D0D1=-1,  D1D2=1, 
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b.  When  D0D1=-1,  D1D2=-1, 
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SackiAg^loSp^^^  integration  bit  synchronization 

KEY:  1  -  carrier  2  -  carrier  frequency  tracking  algorithm 

3  -  carrier  correlator  4  -  early  integrator  5  -  square 
6  -  early  integrator  7  -  square  8  -  late  integrator 
9  -  square  10  -  late  integrator  11  -  square  12  -  bit 
loop  route  filtration  13  -  bit  synchronization  detection 
14  -  bit  15  -  hardware  16  -  software 
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Eqs .  (13)- (16)  indicate  that  the  frequency  discrimination 
error  Z^i  of  the  carrier  frequency  tracking  loop  route  as  shovm 
in  Fig.  6  can  reflect  the  variation  of  carrier  frequency. 

5 .  Bit  Synchronization 

The  foregoing  carrier  frequency  acquisition  and  tracking  can 
greatly  reduce  the  frequency  difference  between  carrier  NCO  and 
input  signal/  yet  they  cannot  solve  the  problem  of  phase 
agreement  between  the  two.  It  is  for  this  reason  that  various 
bit  synchronization  loops  based  on  conventional  one-route  data 
flow  turn  out  to  be  ineffective,  such  as  the  absolute  value  early 
and  late  integration  bit  synchronization  loop  (AVTS),  and  data 
transformation  tracking  loop  (DTTL) .  To  compensate  for  this 
situation,  this  paper  presents  a  software-based  early  and  late 
integration  bit  synchronization  loop  as  shown  in  Fig.  7.  It  is 
designed  to  eliminate,  through  a  square  adding  method,  the  effect 
of  disagreement  in  carrier  phase  tracking  on  the  bit 
synchronization  loop.  The  precondition  of  normal  operation  of 
the  bit  loop  shown  in  Fig.  7  is  that  the  frequency  of  input 
composite  signals  does  not  change  very  much.  But  this  is  not  the 
case  here,  because  the  carrier  frequency  acquisition  loop  as  well 
as  the  carrier  frequency  tracking  loop  that  operates  at  the  same 
time  as  the  bit  synchronization  loop  can  already  satisfy  this 
condition . 

When  bit  synchronization  detection  decides  that  the  bit  has 
been  synchronized,  to  demodulate  data,  the  carrier  frequency 
tracking  loop  converts  to  carrier  phase  tracking  mode  so  as  to 
track  the  carrier  frequency  and  phase.  In  the  meantime,  the  bit 
synchronization  loop  continues  tracking  the  bit  phase. 

6 .  Carrier  Phase  Tracking  and  Data  Demodulation 
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The  carrier  phase  tracking  loop  adopts  the  binary  DPLL 
mode [1-4, 7]  as  shown  in  Fig.  8. 


Fig.  8.  Carrier  phase  tracking  loop  and  data 
demodulation 

KEY:  1  -  bit  NCO  2  -  bit  synchronization  tracking 

algorithm  3  -  carrier  correlator  4  -  demodulated 
data  5  -  square  6  -  square  7  -  phase  locking 
decision  8  -  carrier  9  -  hardware  10  -  software 


When  the  carrier  phase  locking  decides  the  phase  locking[4], 
data  bit  demodulation  can  start. 


The  early  and  late  integration  bit  synchronization  tracking 
loop  as  shown  in  Fig.  7  is  suitable  for  input  data  with  a  higher 
signal-noise  ratio.  If  the  effect  of  the  noise  performance  of 
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this  bit  synchronization  tracking  loop  on  data  demodulation  is  to 
be  further  decreased,  it  is  possible  to  convert,  based  on  need, 
the  bit  synchronization  tracking  loop  as  shown  in  Fig.  7  to  the 
one-route  data  flow- based  absolute  value  early  and  late 
integration  bit  synchronization  loop  (AVTS)  mode  [2,5]  after  the 
carrier  phase  is  locked.  This  will  not  be  detailed  here. 

7.  Conclusions 

The  foregoing  BPSK  carrier  and  bit  synchronization 
technology  in  the  presence  of  dynamic  doppler  features  the  simple 
structure  of  digital  hardware,  the  novel  and  flexible 
programmable  software  algorithm,  and  the  extremely  convenient 
debugging  and  modification.  The  technical  simulation  confirmed 
that  this  technology  is  reasonable  and  feasible,  and  its 
performance  test  result  is  only  IdB  different  from  the 
theoretical  value. 
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NEWS  BRIEF;  PROTON  M  ROCKET  WILL  BE 
BROUGHT  INTO  COMMERCIAL  LAUNCH  MARKET 

Russia  and  Gemany  will  team  up  to  bring  the  Proton  M  rocket 
into  the  commercial  launch  market  in  an  attempt  to  attract  small- 
and  medium-scale  satellite  users.  The  launch  activities  will 
kick  off  in  1997  starting  from  the  Baikonur  Cosmodrome  in 
Kazakhstan. 

The  Proton  M  rocket  is  designed  as  a  three-stage  rocket, 
which,  so  far,  has  been  launched  three  times.  In  fact,  it  is  a 
modified  version  of  the  SS-19  nuclear  missile  developed  in  the 
former  Soviet  Union  and  can  be  used  to  launch  satellites  weighing 
800-1500kg.  After  entering  the  market,  this  rocket  is  expected 
to  launch  three  satellites  a  year  and  become  profitable  by 
century's  end. 

The  Proton  M  rocket  was  developed  at  the  Russian  Khrunichev 
National  Research  and  Production  Space  Center.  This  center  has 
joined  hands  with  the  Daimler-Mer cedes  Space  Orbit  System  Branch 
Cooperation  in  Bremen,  Germany,  to  promote  their  rockets 
throughout  the  world  and  is  planning  to  set  up  a  company  called 
Eurokot  in  Bremen  in  the  spring  of  1995.  This  strategy  was 
worked  out  based  on  the  approach  made  by  the  Khrunichev  Center  to 
set  up  a  joint  venture  with  the  American  Lockheed  Corporation  and 
the  Russian  Energia  Corporation,  the  manufacturers  of  the  four- 
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stage  rocket  Proton,  in  an  effort  to  enter  their  rocket  Proton  in 
globa  markets.  This  company  is  called  Lockheed-Khrunichev- 
Energia  International  (LKEI),  with  headquarters  in  San  Jose, 
California,  United  States. 

The  Proton  M  rocket  is  exclusively  manufactured  by 
Khrunichev,  with  its  first  and  second  stages  being  a  new  version 
of  the  SS-19,  and  its  third  stage  being  a  newly-designed  product, 
called  Breeze,  which  can  be  restarted.  It  is  reported  that  the 
upper  rocket  stage  is  designed  mainly  for  launching  multiple- 
reentry-warhead  missiles,  or  as  a  upper  stage  replacing  the  new 
one  developed  by  Energia  Company  for  the  Proton  rocket.  Breeze, 
the  third-stage  rocket  has  undergone  through  three  tests  at  the 
Baikonur  Cosmodrome.  On  December  26,  1994,  the  first  non¬ 
professional  radio  satellite  was  carried  to  an  orbit  2000km  in 
height  with  this  third-stage  rocket.  Among  other  activities, 

Khrunichev  is  planning  to  develop  a  new  fairing  for  the  Proton  M 
rocket . 

The  Daimler -Mercedes  Company  embraces  a  vision  that  the 
launches  of  small-scale  scientific  and  earth  observation 
satellites  will  find  growing  markets.  Many  satellites  of  this 
kind  will  be  sent  into  low  polar  earth  orbits.  In  this  way,  the 
rocket  launch  site  can  be  moved  from  the  present-day  Baikonur 
Cosmodrome  to  the  local  Plesetsk  Cosmodrome  in  Russia.  The 
second  market,  on  which  the  two  companies  keep  a  close  eye,  is 
the  future  market  of  global  wireless  phone  satellite  networks. 


Khrunichev  is  a  stockholder  connected  with  the  Iridium 
Satellite  Telecommunication  Networks,  consisting  of  66 
satellites.  Daimler-Mercedes  has  already  purchased  the  stock  of 
the  Globalstar  satellite  network,  which  consists  of  48  operating 
satellites  and  eight  standby  satellites.  Both  the  iridium 
satellite  network  and  the  satellites  associated  with  Globestar 
are  near-earth  orbit  satellites. 


As  Werner  Inden,  the  assistant  manager  at  the  Daimler- 
Mercedes  Company,  pointed  out  that  they  formerly  planned  to 
collaborate  with  some  companies  in  Europe  in  developing  small 
launch  vehicles,  but  this  plan  ended  up  without  any  result. 
However,  Klaus  Iserland,  formerly  director  at  the  International 
Affairs  Department  of  ArianeSpace,  Inc.,  and  currently  a 
consultant  at  the  Daimler-Mercedes  Company,  said  that  he  is  fully 
confident  in  his  company's  ability  to  overcome  various 
difficulties  and  ultimately  entering  Proton  M  into  the  commercial 
launch  market.  (This  report  was  filed  by  Xi  Yin.) 

AN  AMERICAN  RESEARCH  GROUP  EXPRESSING 
AMERICAN  ROCKET  TECHNOLOGY  IS  LAGGING 

A  research  group  affiliated  with  the  United  States 
Department  of  Defense  has  concluded,  based  on  their  comparison  of 
medium-  and  large-scale  launch  vehicles  between  the  United  States 
and  other  countries,  that  the  rocket  technology  in  other 
countries  is  more  efficient  and  advanced  than  that  in  the  Unites 
States . 

According  to  research  by  this  research  group,  since  the  late 
seventies,  America  focused  its  attention  on  research  of  space 
shuttles  and  their  flights,  but  many  research  and  development 
programs  in  regard  with  launch  vehicle  systems  beccime  stagnant, 
and  few  new  launch  vehicle  systems  were  developed,  while  it  was 
during  this  period  that  the  carrier  technology  developed  by  other 
countries  had  blossomed.  As  a  U.S..Air  Force  official  suggested, 
the  space  industry  in  the  United  States  is  in  the  leading  edge  in 
the  aspect  of  development  of  small-scale  satellite  market, 
whereas  it  lags  behind  in  the  medium-and  large-scale  satellite 
launch  market.  Still,  according  to  this  group,  assimilating  the 
fundamentals  of  foreign  carrier  rocket  systems  is  vitally 
important  to  the  American  carrier  system. 
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Despite  many  advantages  in  foreign  launch  systems  as 
indicated,  this  research  group  has  yet  to  come  up  with  any 

suggestion  of  launching  American  military  loads  with  foreign 
rockets . 


According  to  a  document  issued  in  August  1994  by  the  White 
House  on  launch  policy,  no  foreign  rocket  is  allowed  to  launch 
effective  loads  associated  with  the  American  government.  As  an 
f^om  Air  Force  claimed,  the  application  of  foreign 
launch  system  components  was  restricted  for  the  sake  of  national 
security.  But  the  foreign  parts  manufactured  in  the  United 
States  through  transfer  of  technology  was  adoptable. 

The  Lockheed  Corporation  and  two  companies  in  Moscow  have 
been  incorporated  into  a  joint  venture  called  Lockheed 
Khrunichev-Energia  International,  aiming  at  joining  efforts  to 
promote  the  commercial  launches  of  the  Russian  rocket  Proton  in 
the  global  market. 

research  result  reached  with  this  group  from  the 
Department  of  Defense,  the  spokesmen  from  both  the  Lockheed 
Corporation  and  Martin-Marietta  Corporation  refused  to  give  any 
comments.  According  to  a  director  from  ArianeSpace  Corporation, 
this  research  was  too  simple,  and  the  estimates  made  by  the  group 
were  not  convincing  enough.  Whereas  a  responsible  person  from 
American  Institute  of  Astronautics  and  Aeronautics  gave  a 
positive  reaction  toward  the  general  idea  of  the  research .  But 
He  pointed  out  that  we  should  not  simply  take  all  foreign  rockets 
for  granted;  some  of  them  are  better,  some  of  them  are  not  that 
advanced.  Additionally,  he  said  that  foreign  rockets  generally 
are  more  or  less  modernized,  while  those  made  in  the  United 
States  are  a  bit  out  of  date;  but  these  rockets  have  been 
gradually  improved. 


The  research  report  made  by  this  group  affiliated  with 
Department  of  Defense  is  as  follows: 

Countries  such  as  Japan,  China,  and  the  former  Soviet  Union 
are  all  conscious  of  providing  support  and  funding  to  the 
aerospace  development  programs  for  the  national  concern,  while 
the  United  States  lacks  such  consciousness  encouraged  by  these 
countries . 

Ariane  in  Europe  and  H-2  in  Japan  both  have  fully  adopted 
modern  technologies,  while  the  new  technologies  applied  in  the 
American  launch  systems  are  very  limited. 

The  Sky  Top  from  Russia  and  Ariane-5  rocket  systems  from 
Europe  are  simple,  but  highly  efficient  and  well  automated,  with 
an  excellent  coordination  between  the  launch  platform  and  rocket 
structures . 

What  is  more,  the  production  of  rocket  systems  in  China, 
Europe  and  former  Soviet  Union  is  generally  fast  and  highly 
efficient . 

Launch  preparations  of  American's  largest  rocket  Atlas  take 
198  days,  while  preparations  for  Proton  rocket  launches  require 
only  21  days.  (Xi  Yin  filed  this  report) 

AUSTRALIA  RESTORES  ITS  EXPLORATION 
OF  SPACE  LAUNCH  BUSINESS 

The  Australian  government  has  asked  its  Space  Program  Office 
to  make  a  proposal  oh  commercial  launch  services  in  this  country. 
According  to  the  head  of  the  federal  department  in  charge  of  the 
space  program,  Womera  in  the  south,  and  Darwin  in  the  north  of 
Australia  are  expected  to  be  chosen  as  the  launch  sites.  If  so, 
Womera  will  be  designated  to  launch  polar  satellites,  while  the 
Darwin  in  the  north  can  be  utilized  to  launch  equator-orbiting 


satellites .  An  administrator  in  the  Australian  Space  Progreun 
Office  indicated  that  they  had  started  to  contact  some  of  the 

potential  launch  clients,  including  the  American  firm  Pac-Astro, 
Inc . 


The  proposal  to  launching  small  satellites  into  near-earth 
orbit  from  Australia  was  initiated  as  early  as  six  years  ago  by 
two  researchers  from  the  Australian  Defence  and  Science 
Technology  Research  Organization.  It  was  at  that  time  that  these 
two  researchers  were  aware  that  with  the  launching  of  various 
near-earth  orbit  mobile  communication  satellites,  many 
alternative  satellites  would  be  required  to  be  launched.  Thus 
far,  setting  up  launch  sites  in  Australia  has  been  mainly 
concentrated  in  Cape  York  on  the  northeast  coast,  which  would 
cost  as  much  as  $760  million.  The  fundamental  part  of  the 
proposal  supported  by  the  Australian  Space  Program  Office  was  to 
utilize  Sky  Top  made  by  Yuzhnoye,  Inc.,  in  Ukraine  to  launch 
large  geosynchronous  communication  satellites. 

Following  a  proposal  made  by  the  Kennett  International 
Technologies  Inc.  (KIT)  on  establishing  a  remote  sensing  system, 
most  Australian  government  officials  favored  the  plan  of  setting 
up  a  launch  site  for  small  satellites.  The  KiTcomm  system,  with 
a  total  expenditure  of  $15  million,  was  designed  to  apply  a 
constellation,  which  is  made  up  of  eight  satellites.  These 
satellites  were  to  be  fixed  in  equatorial  orbits  with  a  height  of 
1200km,  which  can  cover  areas  between  35°  N.  Lat.  and  35°  S. 

Lat.,  and  these  satellites  will  be  provided  by  the  American  firm 
Aero-Astro ,  Inc . 

KIT  has  signed  an  official  contract  with  Aero-Astro,  Inc., 
on  supplying  the  first  four  satellites,  and  the  contract  for  the 
remaining  satellites  is  to  be  signed  later.  This  system  is 
expected  to  be  brought  into  use  in  early  1997;  by  that  time,  the 


initial  stage  will  focus  on  the  observation  of  reservoirs,  the 
routing  of  enclosure  fences  and  other  relevant  facilities  located 
in  remote  pasturages  across  Australia.  As  an  integral  part  of 
the  foregoing  contract,  Pac-Astro,  a  subsidiary  of  Aero-Astro, 
Inc.,  is  to  provide  KIT  with  two  low-cost  PA2  liquid-fueled 
rockets.  Also,  according  to  the  manager  of  Aero-Astro,  Inc., 
they  will  participate  in  the  operations  conducted  at  the  Darwin 
launch  site.  Once  the  remote  sensing  system  proposed  by  KIT  has 
been  put  into  use  in  Australia,  the  observation  services  will  be 
extended  to  other  countries. 

Since  the  cost  of  launching  the  PA2  rocket  was  only 
approximately  $6  million,  and  the  cost  of  the  applications  small 
satellites  was  under  $2  million,  this  kind  of  small-scale  launch 
market  is  likely  to  be  expanded.  Hence,  KIT  hopes  to  be  able  to 
conduct  business  operations  in  launching  small  satellites  from 
Australian  launch  sites . 

According  to  a  five-year  space  development  program  proposed 
by  the  Australian  Space  Program  Office,  the  government  will  soon 
invest  $30  million  on  the  design  and  production  of  two  small 
satellites  and  related  rockets  to  support  the  feasibility  of 
designating  Australia  as  a  launch  site. 

The  proposals  such  as  the  establishment  of  a  remote  sensing 
system  by  KIT  suggested  that  through  the  application  of  small 
rockets,  cost-effective  launch  operations  will  become  possible  in 
Australia.  With  the  growing  demand  for  small  satellites  and 
reduced  costs  of  entering  commercial  markets  (which  fell  below 
$76  million),  the  environment  of  commercial  satellite  launches 
from  Australia  has  seen  some  improvements.  (Xi  Yin  filed  this 
report . ) 


FIRST  SUCCESSFUL  LAUNCHING  OF  PEGASUS  XL  ROCKET 


The  Pegasus  XL  air-launched  rocket  designed  by  American  firm 
Orbital  Science,  Inc.,  was  successfully  launched  for  the  first 
time  on  April  3,  achieving  the  mission  of  carrying  this  company's 
first  two  Orbcomm  communication  satellites  onto  a  circular  orbit 
728km  in  ].,2ight.  The  first  launch  of  this  remodeled  rocket 
owing  to  the  use  of  a  defective  aerodynamic  model. 

An  L-1011  Lockheed  aircraft  carrying  this  rocket  took  off 
from  Vandenberg  Air  Force  Base.  The  rocket  flew  off  the  aircraft 
when  the  aircraft  was  80km  west  of  the  California  coast  and  at  a 
height  of  12,200m.  By  the  time  the  third-stage  rocket  reached 
the  given  orbital  height,  it  released  the  first  Orbcomm  satellite 
southward.  Then  after  positioning  itself,  the  rocket  released 
the  second  one  northward.  Following  its  powered  flight,  the 
rocket  sent  the  carried  small  scientific  experimental  satellite 
Microlabl  into  orbit. 

As  Orbital  Science,  Inc.,  expressed,  the  launching  of 
Orbcomm  satellites  will  mark  a  new  era  of  satellite  data 
communications .  This  company  is  scheduled  to  launch  a  total  of 
26  satellites  of  its  kind  by  the  end  of  1997  for  the  cost- 
effective  personal  communication  around  the  world.  The  rest  of 
24  satellites  will  be  launched  on  a  three-each-time  basis . 


Before  being  modified,  a  total  of  six  Pegasus  rockets  were 
launched  since  1990,  of  which,  four  launches  were  successful, 
while  the  other  two  was  partly  successful.  Thus  far.  Orbital 
Sciences,  Inc.,  has  signed  twelve  launching  contracts  with  some 
clients  such  as  NASA,  the  Air  Force  and  Ballistic  Missile  Defense 
Organization,  etc. 

Soon  after  the  Pegasus  rocket  sent  a  satellite  into  orbit  on 
April  3,  an  error  occurred  in  the  exit  and  entrance  of  the 
communication  sub-system  of  Orbcomm  2,  which  caused  a  reaction 
failure  from  the  ground  station  with  respect  to  data  transmission 


from  satellite.  On  April  15,  another  error  occurred  in  the 
Orbcomml  client  communication  subsystem,  which  made  it  impossible 
to  send  data  to  the  clients.  (Yu  Tian  filed  this  report.) 

INKE  (HONG  KONG),  LIMITED 

Inke  (Hong  Kong),  Limited,  is  a  high-tech  company  based  in 
Hong  Kong,  and  it  is  DEC'S  first  value-added  agent  in  China/Hong 
Kong/Taiwan.  With  a  broad  business  scope,  including  computer 
system  integrity  and  software  development,  this  company  provides 
overall  solutions  in  fields  ranging  from  the  analysis  committed 
to  the  clients  in  regard  with  demand  and  supply,  strategy  design, 
and  system  installation  integrity  to  after-sales  services,  which 
earned  it  a  high  popularity  in  regions  such  as  China/Hong 
Kong /Taiwan . 

In  recent  years,  Inke  rapidly  developed  its  business 
operations  in  China.  To  better  serve  its  clients  there,  Inke  has 
invested  $500,000  in  setting  up  a  sole  proprietorship  in  Beijing: 
Beijing  Donghua  and  Inke  Computer,  Limited. 

With  the  business  philosophy  of  "the  customer  is  king,"  Inke 
always  wholeheartedly  provides  its  clients  from  all  walks  of  life 
with  the  best  services  and  has  won  a  excellent  creditability  in 
the  business  circle.  Inke  focuses  its  efforts  on  three  major 
fields,  defense,  electromechanical  engineering,  and 
petrochemistry . 

Since  the  export  of  ALPHA  computers  made  by  the  American 
company  DEC  to  China  became  possible,  Inke,  as  DEC'S  first-level 
agent,  signed  contracts  with  dozens  of  businesses  in  China,  to 
supply  more  than  200  (sets  of)  ALPHA  workstations  (including 
microcomputers),  with  annual  business  revenues  reaching  $15 
million,  which  brought  Inke  to  the  leading  edge  among  DEC'S  49 
agencies . 


/35 


These  clients  include  a  number  of  research  institutes  under 
the  Space  Industry  Headquarter  Company,  National  Defense  and 
Science  Committee,  Qinghua  University  CAD  Center,  Harbin 
Engineering  University,  Shenyiang  Pump  Plant,  Dalian  Crane 
Factory,  Beijing  Integrity  Circuit  Design  Center,  National  Marine 
Meteorology  Forecast  Center,  Xidan  Department  Store,  Beijing 
Petrochemical  Engineering  Company,  Luoyiang  Petrochemical 
Engineering  Company,  Shanghai  Jinshan  Petrochemical  Company, 
Daqing  Petrochemical  Company,  Yanshan  Petrochemical  Company, 
Huaneng  international  Power  Company,  Henan  Xinfei  Electric 
Appliances  Group,  Tianjing  Ordis  Elevator  Company,  Air  Force 
Automation  Division,  Nanjing  Automation  Institute,  and  so  on. 

With  the  accomplishments  after. years  of  business  operations, 
Inke  has  not  only  built  up  remarkable  creditability  among  the 
clients,  but  also  accumulated  a  wealth  of  experience  in  the 
import-export  business  and  DEC  system  integrity.  At  the  same 
time,  Inke  established  good  business  relations  with  organizations 
such  as  the  Electromechanical  Equipment  Import  and  Export  Office 
affiliated  with  the  State  Council,  Electromechanical  Equipment 
Import  and  Export  Office  under  the  Ministry  of  Electronics, 
National  Planning  Committee,  Economic  and  Trade  Committee, 

Ministry  of  Economic  and  Trade,  Customs  Office. 

Inke  always  adheres  to  its  set  principle  of  putting  service 
and  equipment  quality  as  its  first  priority,  making  certain  that 
the  products  supplied  are  all  bona  fide,  i.e.,  the  latest 
original  products  manufactured  by  DEC,  and  there  has  never  been  a 

case  in  which  mixed  products  were  provided  solely  for  the  sake  of 
profits . 

With  respect  to  any  technical  concern  from  clients,  DEC 
bears  the  responsibility  of  providing  the  best  technical  services 
through  DEC  maintenance  stations,  and  ensures  hot-line  service 
within  8  hours,  and  on  site  service  within  48  hours.  Inke  can 


provide  an  integrity  of  services  as  follows : 

1.  Assisting  clients  in  handling  import  procedures  and 
applications  for  import  licenses . 

2 .  Providing  preferential  prices  in  the  exchange  of  foreign 
currency. 

3.  Assisting  clients  in  handling  tax  exemption  procedures. 

4 .  Cooperating  with  DEC  maintenance  stations  to  provide 
clients  with  best  technical  support,  including  on-site 
installation  and  after  sale  service. 

5.  Offering  the  service  in  foreign  and  domestic 
transportation,  custom  declarations,  as  well  as  goods  pick-up  and 
direct  on-site  delivery  service. 

6 .  Taking  the  responsibility  of  multi-level  training  for 
clients  both  at  home  and  abroad  and  inviting  the  clients  to  go 
overseas  for  inspection,  handling  visa  applications  for  trainees 
and  making  arrangements  for  the  reception  of  visitors.  (Xue 
Xiangdong  filed  this  report.) 

BRIEF  INTRODUCTION  TO  CHINA  HUADI  COMPUTER,  LIMITED 

Registered  in  the  China  National  Industrial  and  Commerce 
Bureau,  China  Huadi  Computer,  Limited,  is  a  Sino-US  joint 
venture,  invested  in  jointly  by  China  Space  Industry  Headquarter 
Company  and  the  American  firm  DEC,  and  approved  by  the  China 
Ministry  of  Electronic  Industry  and  China  Foreign  Economic  and 
Trade  Cooperation.  Its  headquarters  is  in  Beijing. 

Since  the  implementation  of  reform  and  open-door  policy, 
China  Space  Industry  Headquarters,  as  a  backbone  of  China's  high- 
tech  industry,  has  taken  full  advantage  of  its  cutting-  edge 
technology  in  the  space  industry  to  develop  the  computer  industry 
as  a  pillar  industry  in  an  attempt  to  meet  the  needs  of  the 
current  high  speed  development  of  market  economy.  What  is  more, 
it  has  made  efforts  in  all  aspects  to  strengthen  its  cooperation 
with  foreign  businesses,  support  technology  transfer  in  the  field 
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of  the  development  of  the  space-oriented  computer  industry,  and 
motivate  enormous  potential  energy  from  dozen  of  professional 
computer  and  application  research  institutes  in  the  space 
industry  to  vigorously  serve  the  needs  of  building  China's 
computer  and  application  technology  industry. 

The  DEC  in  America  is  one  of  the  largest  computer  system 
manufacturers  and  suppliers  in  the  world,  with  annual  business 
revenues  nearing  $14  billion.  It  stands  at  the  leading  edge 
across  the  world  in  aspects  such  as  the  open-environment  computer 
systems,  network  communications,  computer  chip  technology, 
software  systems  and  other  comprehensive  services.  Especially  in 
1992,  it  developed  the  Alpha  AXP  64-bit  reduced  instruction 
computer  set  system  structure  and  products  which,  with  its  high 
performance,  high  speed  and  powerful  addressing  capability,  was 
listed  in  the  1992  Guinness  Book  of  World  Records. 

The  Huadi  company  was  established  on  the  basis  of  a  long¬ 
term  thorough  demonstration  made  by  the  American  firm  of  DEC  and 
the  China  Space  Industry  Headquarters  Company.  Having  been 
engaging  in  China  business  operations  for  decades,  this  is  the 
first  and  only  time  that  the  American  firm  of  DEC  has  invested  in 
setting  up  a  joint  venture  in  China.  Undoubtedly,  the  birth  of 
Huadi  has  had  a  significant  impact  on  both  sides . 

Since  it  was  founded,  the  Huadi  company  has  displayed  its 
remarkable  supremacy  in  aspects  such  as  profession,  technology, 
management,  service  and  sales  indicating  by  both  sides. 
Collaborating  with  various  professional  institutes  and 
universities  related  to  China's  space  industry,  Huadi  has 
extended  its  business  scope  to  a  variety  of  fields,  including  the 
DEC  complete  series  of  workstations,  sales  of  service  facilities, 
maintenance  services,  system  integrity,  CAD/CAM,  development  of 
office  automation  products,  development  and  promotion  of  OEM  and 
CSS  (Computer  Specialist  System)  products,  and  so  on.  At 
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present,  Huadi  has  successfully  accomplished  the  task  of 
localizing  DEC'S  famous  office  automation  platform  products  (Link 
Works )in  China,  from  which,  a  complete  set  of  office  automation 
network  integrity  system  was  developed  to  provide  a  set  of  ideal 
solutions  for  the  OA  system  applied  in  large  and  medium 
enterprises,  as  well  as  service  sectors. 

Today,  Huadi  has  hundreds  of  clients  throughout  the  country 
covering  all  kinds  of  businesses  such  as  governmental 
electronics,  aviation,  aerospace,  machinery,  education,  railway, 
communications,  weaponry,  transportation,  military  force, 
automobiles,  utility,  banking,  etc.,  and  keep  close  business  ties 

with  them.  Huadi  teams  up  with  all  its  partners - especially 

world-class  software  manufacturers — to  provide  clients  with  a 
integrity  of  software  and  hardware  services . 

Constantly  pursuing  the  idea  of  perfection  and  putting 
customers  first  is  Huadi 's  utmost  business  ritual.  To  achieve 
this  goal,  Huadi  set  up  a  complete  set  of  customer  service 
system.  With  its  well-trained  and  experienced  marketing,  sales 
and  technical  support  staffs,  Huadi,  along  with  various 
institutes  and  universities  from  the  space  industry  and  DEC  China 
Corporation,  has  built  up  extensive  sales,  maintenance  network 
stations,  and  demonstration  centers,  training  centers  in  major 
regions  all  over  the  China  in  an  effort  to  provide  its  clients 
with  a  series  of  services  including  before-sales  training,  after¬ 
sales  installation,  maintenance,  secondary  product  development, 
and  system  integrity. 

Huadi  pays  close  attention  to  supporting  agency  business. 

Thus  far,  Huadi  developed  more  than  10  agencies  located 
throughout  major  cities  in  China.  Along  the  road  of  Huadi 
development,  the  agencies  have  become  Huadi 's  close  partners. 


Collaboration-conscious,  with  a  strong  sense  of 


responsibility,  fulfillment  of  customer's  requirement,  pursuit  of 
perfection  and  persistence,  and  dedication  in  achieving  goals  are 
Huadi's  fixed  principles.  Huadi  always  acts  as  a  friend  of 
costumers  and  will  be  happy  to  provide  support  to  all  costumers 
every  step  of  the  way  in  their  business  growth.  (Zhang  Xiang  Jun 
filed  this  report.) 

AMERICAN  DEC  COMPANY  ANNOUNCED  ITS  SUCCESS 
IN  THE  DEVELOPMENT  OF  WORLD'S  FASTEST  COMPUTER _ ALPHA 

Seeing  an  Alpha  computer  for  the  first  time,  Steven  Cadner, 
the  president  of  the  American  company,  AEON  System,  Inc.,  could 
not  help  exclaiming:  "  I've  been  working  in  the  computer  business 
for  20  years,  but  the  birth  of  the  Alpha  series  computer  is  the 
most  exciting  invention  I  ever  experienced  in  the  last  20  years" 

Indeed,  the  Alpha  microprocessor  suddenly  carries  people 
into  the  21st  century .  Many  technologies  formerly  thought 
impossible  a  global  network,  multimedia  applications,  real-time 
image  processing,  artificial  intelligence  and  virtual  reality, 
etc.,  are  now  just  around  the  corner. 

The  Alpha  microprocessor  is  the  fastest  microprocessor  in 
the  world . 

The  Alpha  microprocessor  is  the  most  advanced  chip  with  a 
64-bit  reduced  instruction  set. 

The  Alpha  computer  is  the  fastest,  most  advanced  series 
computer  in  the  world. 

The  American  firm  of  DEC  Corporation  is  one  of  the  largest 
computer  manufacturers  in  the  United  States,  with  business 
revenues  reaching  $13.7  billion  in  Fiscal  Year  1994. 


As  early  as  in  the  seventies  and  eighties,  DEC  had  already 
been  well  known  for  its  outstanding  PDF,  VAX  series  computers, 
among  which,  the  VAX  computer  came  to  be  seen  as  a  priority  model 
among  users  in  China  and  made  phenomenal  contributions  in  the 
development  of  China's  computer  industry. 

In  the  nineties,  Robert  Parmer,  DEC  president,  foresaw  the 
growing  market  demand  as  well  as  the  striking  trend  of  technology 
development  and  pointed  out;  "We  should  concentrate  our  efforts 
in  the  service,  network,  software,  chips  and  memory  technology". 
With  outlays  of  1  $billion  and  five  years  of  effort,  DEC  finally 
invented  the  Alpha  microprocessor  in  February  1992.  Even  at  that 
time,  its  chip  speed  had  already  reached  200  Mhz,  which  is 
equivalent  to  the  computing  capability  of  the  Cray-1 
Supercomputer . 

In  1992,  this  microprocessor  was  recorded  in  the  Guinness 
Book  of  World  Records  as  world's  fastest  microprocessor. 

Today,  the  top  speed  of  Alpha  chips  made  by  DEC  has  reached 
300  Mhz,  while  the  speed  of  chips  produced  by  most  of  today's 
manufacturers . stays  only  at  around  lOOMHz. 

Speed  is  by  no  means  all  that  the  Alpha  computer  is  about. 
More  importantly,  it  has  a  64-bit  design.  It  is  well  understood 
that  computer  relies  on  the  two  status,  "0"  and  "1",  to  represent 
data  and  storage  address.  The  larger  the  number  of  bits  is,  the 
more  combinations  of  "0"  and  "1"  can  be  constituted  and  then  the 
larger  the  storage  address  that  represent  data  and  addressing  can 
be.  As  a  result,  its  computing  and- storing  capabilities  can 
become  stronger.  386  and  486  computers  that  people  always  talk 
about  are  designed  to  be  32-bit  computers,  and  the  most  present- 
day  computers  have  a  32-bit  design,  as  well.  And  the  addressed 
memory  units  account  only  for  2^^,  which  is  equal  to  4  billion. 


while  a  computer  with  64  bits  can  have  as  many  as  addressable 
memory  units,  i.e  4  billion  times  as  many  as  in  32-bit  computers. 
Obviously  the  advances  of  this  computer  are  indisputable. 

"Open  Environment"  is  today's  hot  topic  in  the  computer 
industry.  As  far  as  hardware  is  concerned,  the  basic  requirement 
of  the  "open  environment"  is  the  capability  of  running  the 
software  developed  by  different  manufacturers,  not  only  its  own 
software.  The  Alpha  computer  can  be  considered  as  a  multi¬ 
functional  hardware  platform  with  a  real  "open  environment".  It 
can  support  and  reach  today's  all-key  standards,  and  it  can  also 
provide  clients  with  all  options  for  the  operating  system,  on 
which  users  can  run  some  general  operating  systems  such  as 
OpenVMS,  Windows  NT,  and  UNIX.  In  particular,  DEC  provides  the 
first,  and  also  the  only  64-bit  UNIX  operating  system  (Digital 
UNIX)  in  the  world,  which  allows  users  to  makes  full  use  of  the 
strong  capability  of  the  64-bit  Alpha  computer  and  this  complete 
open  UNIX  environment  as  well. 

To  better  serve  the  client's  investment  needs,  the 
compatibility  of  the  Alpha  system  structure  was  designed  based  on 
the  last  25  years'  experience  in  designing.  As  a  result,  the 
clients  can  confidently  make  their  investments  in  a  variety  of 
aspects  such  as  the  applications,  network,  user  interfaces, 
peripheral  devices  as  well  as  technical  training,  etc. 

If  the  hardware  can  be  compared  to  a  human  body,  then  the 
software  can  be  considered  as  the  human  mind.  As  long  as  the 
human  mind  is  full  of  various  knowledge,  this  person  can  be 
thought  to  be  proactive.  From  the  above  comparison,  it  can  be 

hhat  the  number  of  software  programs  run  on  the  hardware 
become  a  key  factor  in  testing  whether  or  not  the  hardware  can 
perform  well.  So  far,  the  number  of  software  programs  that  can 
be  run  on  the  Alpha  platform  has  surpassed  6,400,  and  the  number 


is  still  growing.  This  number  and  speed  are  amazing,  and  they 
make  people  have  a  strong  confidence  toward  this  cutting  edge 
technology. 

Today,  Alpha  computers  are  sweeping  all  over  the  global 
markets.  Certainly,  if  we  can  afford  to  buy  a  386  computer  now, 
why  we  should  bother  to  pick  a  286  computer  first,  and  then  buy  a 
386  computer  anyway?  Since  the  application  of  the  first  Alpha 
computer  at  China  Academy  of  Power  Scientific  Research  Institute 
in  January  1994,  the  purchase  orders  received  by  DEC  have  been 
constantly  increasing,  and  this  purchase  growth  has  just  been 
unprecedented.  Thus,  the  application  of  Alpha  computer  is  not 
only  to  keep  up  with  latest  advanced  technology  trend,  but  also, 
an  inevitable  tendency  of  market  development.  (Wang  Lian  filed 
this  report . ) 
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